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DEGRADATION AND REUSE O F  RADIAT: V E -  
THERMAL- PROTECTION-SYSTEM 

MATERLALS FOR THE SPACE SHUTTLE 

E. S. Bartlett ,  D. J. Maykuth, I. M. Grinberg, 
and R. G. Luce 

SUMMARY 

Three silicide-coated columbium alloys and two cobalt alloys were subjected to 
identical simulated reentry profiling exposures in both "static" (controlled vacuum leak) 
and "dynamic" (hypersonic plasma shear )  environments. 

Pr imary  emphasis in the columbium-alloy evaluation was on the Cb7 52 and C 129Y 
alloys with a l e s se r  amount on FS85. Commercial silicide coatings of the R5 12E and 
VH109 formulations were used. The coated specimens were intentionally defected to 
provide the types of coating flaws that a r e  expected in service.  Tempe a tures  were 
profiled up to peak temperatures of e i ther  2350 F o r  2500 F for 15 minutes in each 
cycle. 

In the dynamic cycling, pressure  a t  the specimen surface was on the order  of 10 
to  25 to r r ,  f ree-s tream velocity was Mach 4 to 5, and aerodynamic shear  levels were 
of the order  of 2 psf. It was observed that, under these dynamic conditions, a cr i t ical  
temperature appears to exist  below which flaw gro  th i s  slow ( less  than 0. 1 mil /  
minute for 3 to 5 cycles) and well behnved. Above this cr i t ical  temperature,  flaws grow 
rapidly such that holes a s  large a s  111 inch in diameter might be expected ir. a s  few a s  
one reentry. Neither flaw type (within the l imits studied) nor coating system appeared 
to have a n  influence on the flaw growth behavior observed, and 2490 F was indicakd a s  
the most probable value of the cr i t ical  temperature for the coating systems evaluated. 

In static cycling, s imilar  pressures ,  t imes, and temperatures  were used. How- 
ever ,  in contrast  to the dynamic exposures, no measurable flaw growth cccurred and 
the principal result  of the static exposures was slow substrate contamination hardening 
a t  the defect site. 

For  the R512ElCb752 system, the contamination introduced a t  small  oating - 
defect s i tes  after up to five dynamic subcritical exposures was not degrading to this sys-  
tem's  room-temperature ultimate tensile o r  yield strength, but tensile elongation values 
were decreased on the order  of 40 percent. Identical specimens exposed in the static 
environment did not show this ductility degradation, which suggests that the extent o r  
level of contamination introduced in this environment was appreciably less  than that in 
the dynamic environment. The effects of dynamic cycling on the room-temperature 
tensile properties of intentionally defected VH109/C129Y and R512E/FS85 specil-lens 
were s imilar  to  those observed for R512E/Cb752. 

Both unwelded and TIC-welded specimens of the cobalt alloys, L605 and HS188, 
were exposed to a total of 12 simulated reentry cycles,  each of which included 5 minutes' 
expr~eure a t  1900 F. Neither the room-temperature o r  1900 F tensile properties nor the 



1900 F creep-deformation properties of either mater ial  were s ignif ica~t ly affected a s  a 
result of these exposures. 

INTRODUCTION, OBJECTIVES, AND PROGRAM APPROACH 

Oxidation-resistant metallic skins to disperse the heat of reentry by reradiation 
contend strongly a s  a thermal-protection-system (TPS) scheme for use on the NASA 
space shuttle. The selection of metallic skin mater ials  depends largely on the tempera- 
ture profiles predicted for  the various a r e a s  of the shuttle vehicles. Selected a reas  of 
the lower planform and control surfaces a r e  predicted to attain temperatures up to about 
2400 F for normal reentry profiles, and may spike to higher temperatures  under selected 
conditions (e. g. , abort  o r  unusual reentry maneuvering). At this highest end of the tem- 
perature spectrum (neglecting nose and leading-edge sections where nonmetallic TPS 
mater ials  a r e  planned), coated columbium TPS i s  most  attractive. At somewhat lower 
temperatures,  oxidation-resistant cobalt-base alloys a r e  predominant in current  thiri ing. 

Economic argument upon which the space shuttle i s  foundcd requires that a t  least  
the major  portion of the TPS system possess  reusability with minimal refurbishment o r  
repair for the life of the vehicle - 100 flight and reentry missions. This requirement,  
coupled with the largely unknown specific-materials response to the hypersonic shear  
rarified a i r  environment, demands the conduct of studies to establish the degradation kin- 
e t ics  and, hence, reuse capabilities of selected TPS materials .  The aforementioned 
coated columbium and cobalt alloys, because of the aggressively high temperatures  in- 
volved in their use, pose the major a r e a s  of uncertainty. 

In June, 1970, the NASA idarshall  Space Flight Center authorized Batt ?lie-Columbus 
to  co:duct a laboratory study of the degradation and reuse capability of selected state-of- 
the-art  coated columbium and cobalt-base mater ials  with the following objectives: 

(1) To develop data to a s s e s s  the functional reliability of, the reuse capability 
of, and degradation effects on mater ials  for the radiative thermal pro- 
tection system of the space shuttle a s  affected by expected flight environ- 
mental conditions 

(2)  To establinh defect tolerances,  susceptibility, failure modes, and methods 
of assurance of the integrity of radiative-thermal-protection-s ystem ma-  
ter ia ls  of the space shuttle a s  affected by expected flight environmental 
conditions. 

At the outset, it was recognized that past and anticipated concurrent studies a t  
other laboratories, on high-temperature TPS materials  were expected to contribute to 
the degradation and reuse analysis. However, a major  a r e a  of uncertainty involved the 
influence of a dynamic, hypersonic shear  environment upon mater ial  performance, 
thermal stability, and reuse capability. Indeed, there was reason to expect gross  dif- 
ferences in the response of mater ia l s  to dynamic a s  opposed to static (subsonic flow) 
environments. 

The ear ly resul ts  of Stein a t  NASA-Langley Research Center regarding degrada- 
tion of oxidation resistance of TD-NiCr in  dynamic versua static environments dictated 
that the possibility of a s imilar  response in cobalt alloys be explored. These alloys 



(HS188 and L b ,  5 in this program) rely upon protective C r 2 0 g  formation for resis tance to 
oxidation in static,  ambient a i r .  The possibility of loss of protection via C r 0 3  volatil- 
ization in dynamic, low-pressure a i r  was considered real.  

Fo r  coated columbium, available data on failure statisticc suggested that the life- 
limiting aspect of coated columbium performance in T I 3  panel us*. would be the occur- 
rence of premature coating failure and loss  of protection a t  local s i tes .  While prior work 

b. -3- 

a t  McDonnell Douglas Astronautics Co. - ~ a s t < :  and Sylvania""" had shown good tolerance 
for  coating defects undcr static conditions, anticipated shuttle temperatures were suffi- 
ciently close tc  those reportedly required for  dynamic autoignition of columbium that 
realistic dynamic reentry simulation of defected coated columbium was considered a 
most  cr i t ical  a r ea  for investigation. 

With the foregoing considerations in mind, the approach selected for this program 
was to expose specimens of the selected cobalt alloys and coated columbium mater ials  
under dynamic, hypersonic shear ,  reduced-air-pressure environments that would simu- 
late a s  closely a s  possible, on a relatively small  scale,  the a i r s t r eam environment ex- 
pected for  the respective planform surfaces of the shuttle vehicle. These exposures 
were conducted in the Battelle -Columbus 1. 5-megawatt plasma -ar  c facility using a 
wedge model specially designed for  this program. Because of grea te r  complexities of 
possible material-environment interaction, major  emphasis was directed towards coated 
columbium alloys. Further ,  because premature coating failure is indicated to be life- 
limiting in these systems,  specimens with intentionally introduced coating flaws received 
the major attention. To allow direct  assessment  of the effects of environment dynamics 
and, fur ther ,  to provide check-point correlation with resul ts  of contract studies a t  other 
laboratorics,  parallel exposures of the same mater ial  conditions under the same 
temperature-pressure profiles but in a static environment were planned. 

Following limited exposure cycling under several  environmental conditions, speci- 
mens were examined visually a.-d metallographically, and selected mechanical properties 
were evaluated. 

This interim report  summarizes  the resu l t s  obtained during the f i r s t  yea r ' s  effort, 
and covers work from June 26, 1970, through July 30, 1971. Results to date provide a n  
initial assessment  of mater ial  response to environmental exposures a s  necessary to de - 
fine a r e a s  that a r e  most  cr i t ical  to a n  evaluation ~f degradation kinetics and reuse capa- 
bility. These resul ts  provide a basis for preliminary assessment  of reuse  capability for 
limited cyclic exposures. This program is  planned for continuation for an additional 
year  during which more extensive data for  coated columbium will be generated a s  r e -  
quired to fully meet the stated program objectives. 

Because of the interim nature of this report ,  the reader  i s  cautioned that present 
analyses of resul ts ,  discussion, and conclusions presented a r e  tentative and subject to 
change pending aselmilation and analysis of more  complete data. 

Fitzgerald, B. G., and Reisen, E. L., "Evaluation of the Fused Slurrv Silicide Coating Consinering Component Design and 
Reusew, AFML-TR-70-1E1 (December, 1970). 

** Priceman. S . ,  and Sama, I. "Development of Fused Slurry SSicfde Coatings for the Elevated-Temperature Oxidation 
Protection of Columbium and Tat~talum Alloys". AFML-TR-68-210 (December. 1968). 



EXPERIMENTAL PROCEDURES 

Materials and Conditions 

Cobalt Alloys 

Approximately 6 square feet each of the L605 and HS188 alloys was ordered a s  
0. 01 5-inch-thick sheet and received from the Stellite Division of the Cabot Corporation. 
The certified analyses of these mater ials  were reported a s  follows: 

Analysis ( ~ a l a n c e  Cobalt, weight percent 

Duplicate specimens of both alloys, a s  received, were subjected to room- 
temperature tensile tes ts ,  and the properties obtained were in good agreement with the 
certified property values a s  shown in Table 1. 

Both alloy sheets appeared f ree  of any edge o r  surface defects in the as-received 
condition which was a s  solution treated a t  2150 F followed by descaling and pickling. 
These cleanup treatments imparted a light, frosty-gray color to both alloy sheets which 
was regarded a s  undesirable from emissivity considerations. Accordingly, duplicate 
tes t  specimens of both alloys were subjected to 10-minute exposures a t  1900 F an3 
2150 F in dry  a i l  and terminated by water quenching. While both treatments were ?ffec- 
tive in  imparting a dark,  charcoal-gray oxide to both alloys, the 2150 F treatment r e -  
sulted in a sigi .ficant decrease in  the room-temperature tensile properties of the L605 
sheet, a s  shown in Table 1. 

Metallographic exsinination of these specimens indica.2d that the decrease in 
strength and ductility of the 2 150 F solution-treated L605 sheet resulted from excessive 
grain growth associated with this heat treatment.  No significant s t ructural  o r  property 
changes were observed in the L605 mater ial  heated to l9OC F o r  in any of the heat- 
treated HS188 specimens. Accordingly, a preoxidation exposure of 10 minutes a t  
1900 F in dry a i r  was selected for  both alloys. Since termination of this treatmc-t by 
water quenching might he expected to  introdwe ua ipage ,  a i r  cooling was elected fox a l l  
of the specimens on this tes t  program. 

Several welded specimens of both cobalt alloys were prepared to verify the joining 
parameters  selected for these mater ials .  All welds were prepared using automatic gas - 
tungsten-arc welding equipment to  produce a square,  butt joint configuration in the 
0. 015-inch sheet mater ials .  

Individual sheet specirrrens of each alloy in a 1 -7/8 by 1 1 -inch size were prepared 
by grinding the 1 1 -inch edges and butting these together. The specimen orientation was 
such that the weld direction was perpendicular to the longitudinal grain direction (i. e . ,  
final rolling direction) of each alloy sheet. The welding fixture comprieed copper 
clamping bare  and a copper backing plate having a 1/8-inch slot, 1/16 inch deep, di- 
rectly under the weld joint. Holes were dril led in  the slot to permit a n  argon-gas backup 
shield. The welding torch provided argon-gas shielding for the weld face. All weld 3 



TABLE 1. ROOM-TEMPERATURE TENSILE PROPERTIES 
OF BASE M A T E R I A L S ~ ~ )  

pp - - -  - 

Ultimate 0. 2% Offset 
Tensi le  Strength,  Yield Strength, Elongation, 

Condition k s i  k s i  percent  
- - 

L605 Alloy 

Certif ied values 137 
As received 143 
10 m i n l 2  150 F, wate r  quenched 130 
10 m i n /  1900 F, wate r  quenched 136 

HS 188 Allov 

Certif ied values 
A s  received 
10 min/2150 F, wate r  quenched 
10 m i n i  1900 F, wate r  quenched 

Cb752 Allov. Heat 7 7 0 0 2 2 ( ~ )  

Certif ied values 
A s  received: 

0.015-inch gage 
0.025-inch gage 

C 129Y Alloy, Heat 5 7 2 0 3 8 ( ~ )  

Certif ied values 
A s  received: 

0.015-inch gage 
0 .025 -inch gage 

(a) All results represent the average of duplicate test specimens. 
(b) Based on test specimens with 1/4 x 1-inch gage sections. Late: results on 1/8 x l/2-inch specimens showed some 

differences, as described in section on Result;. 



were rnade using an  0.040-inch-diameter W -  1 Tho2 electrode and direct  current  with 
straight polarity, electrode negative. 

Table 2 l is ts  the range of welding parameters  explored for both alloys along with 
the indicatcd optimum parameters  for each. 

TABLE 2. WELDING PARAMETERS FOR COBALT ALLOYS 

Parameter  

Indicated 
Range of Values Optimum Values - 

Explored L605 HS188 

Current, amperes  
Voltage 
Travel Speed, incheslmin 
Torch Gas Flow, f t3 /hr  
Backup Gas Flow, f t3/hr  
Shielding Cup Diameter, inch 
Cup-to-Work Distance, inch 
Electrode-to-Work Distance, inch 
Clamping Bar Spacing, inch 

5 No difficulty was encouyltered in welding the L605 sheet and welds of good quality, 
a s  determined by dye-penetrant inspection a s  well a s  visual and X-ray examination, 
were obtained. In some HS188 welds, a weld-root defect was occasionally observed 
which was characterized by a shiny, depressed region along the weld centerline. This 
was believed to be caused by incomplete weld-metal flow and was overcome by increas-  

. . weld energy input and by cleaning the specimens by polishing with 400X metal- 
paper and wiping with acetone and Kimwipes before welding. For the L605 a l -  

procedure of acetone degreasing followed by acid etching (30 percent 
HF, balance water;  heated to 160 F), water rinsing, and a i r  dying was 

, ound to  be adequate. 

Twenty-two plasma-arc tes t  specimens were fabricated from both alloys to  :he 
design configuration shown in Figure 1. This configuration permitted mounting of the 
specirnens on the model holder by the insertion of pins through the corner  end tabs into 
a supporting block. After plasma-arc exposure, the end tabs were removed and each 
specimen was sheared lengthwise to yield two 318 by 3-inch coupons f rom which dupli- 
cate tensile o r  creep test  specimens were prepared. 

Eight (four each of each alloy) of the a rc- tes t  specimens were prepared from butt- 
fusion-welded sheet stock with the weld orientation trlinsverse to the rolling direction 
and to the longitudinal dimension of the tes t  specimen. The renjaining 14 specimens 
(seven each of each alloy) were a l so  prepared with the rolling direction parallel  to the 
longi t~dinal  dimension of the plasma-arc -test  specimene. After shear  ing to size,  and 





cleaning (by acid etching, water and alcohol rinsing and drying). al l  of the flat blanks 
were preoxidized for 10 minutes in dry a i r  a t  1900 F and a i r  cooled. 

Xo distortion of the blanks was apparent a s  a result of this treatment. All speci- 
mens were oxidized to a uniformly d a r k - g r ~ y  matte finish. with the HS188 material ex- 
hibiting a slightly darker gray color than the HSZS material. The average thickness and 
weight increases of these specinlens a s  a result of this preoxidation treatment were de- 
termined a s  foilows: 

Alloy Total Thickness Increase, mil Weight Increase, mglcm 2 - 
L605 0.25 to 0. 30 0. 5 to 0.6 
HS 1 88 0. 10 to 0. 15 0. 3 to 0.4 

The 22 preoxidized blanks were then fabricated to test  s ~ e c i m e c s .  Both the form- 
ing and al l  machining operations were effected without damaging '.he preoxidized plasma- 
a r c  exposure surface of these specimens. Each specimen was then degreas2d in readi- 
ness for attachment to the plasma-arc model holder. 

A similar ser ies  of 22 specimens was prepared for exposure in a static environ- 
ment. These specimens were simply rectangular in shape, having a width of 314 inch 
and a length of 3- 1/2 inches. A 118-inch-diameter hole was provided a t  a distance of 
3!16 inch from one end to permit suspension of the specimens for the static exposure 
cycling. After exposure, each specimen was sheared to yield two duplicate 3/8 by 3- 
inch coupons for mechanical-property evaluations. As with the plasma-arc-test speci- 
mens, the rectangular static-environment test specimens were also preoxidized prior 
to exposure. 

Columbium Alloys 

Approximately 3 pounds each of 0.015 and 0.025-inch-thick sheet of both the Cb752 
and C129Y alioys was purchased from the Wah Chang Albany Corpr ra:ion for this pro- 
gram. All of the material for each alloy was from the same heat, and the certified anal- 
yses on these a r e  given in Table 3. In addition, certified aralyses for the interstitial 
impurities in both alloy sheet products a t  the 0.015-inch-thich gage were reported a s  
follows: 

Impurity Content, 

PPm 
Alloy C 0 N - - - 

Cb752 40 70 40 
C129Y 40 90 35 

In compliance with the Battelle purcLase specification, al l  of the alloy sheet mate- 
rials were also certified to have a 100 percent fully recrystallized structure and to be 
capable of sustaining bends around a 1T radius a t  room temperature without signs of 
cracking. 

Visual inspection of each of Cie columbium-alloy sheets showed a l l  were free of 
oxide, cracks, laps, seams, and other visible defects. Room-temperature tensile tests . . 
were performed, in duplicate, on samples of each of the as-received alloy sheets. The 

B A T T R L L I  -- C O L U M I U l  

- i 



TABLE 3. CERTIFIED CHEMICAL ANALYSES A N D  HARDXESS 
O F  AS-RECEIVED COLUMBIUXI ALLOYS 

Cb752 Alloy C 12 9Y -4 11oy 
Ingot Analysis on Ingot Analysis on 

Heat  770022 Heat 572038 
composi t ion,  weight percent  Composition, weight percent  

Element  Top Bottom TOP Bottom 

9.7  10.5 
- - See  below - - 

2.8 2 .6  
Balance 

Impuri t ies ,  ppm 

< 20 < 20 
< 1 <1 
70 <40 
< 5  < 5 

< 10 < l o  
- - - - 

< 20 < 20 
< 50 <50 

5 9 
480 390 
< 20 <20 
.= 20 <20 
100 150 

5 0 5 0 
<20 <20 
110 160 
< 20 <20 
< 50 <50 

15 10 
3800 4300 
< 4C c40  
c 20 < 2 t  

- - See above -- 
- - - - 

9.2 9. 6 
10.9 9 .2  

- - See below - - 
Balance 

Impuri t ies ,  ppm 

<20 < 2 0 
< 1 < 1 
4 0 60 
- - - - 

< 10 <10 
< 40 < 40 

- - - - 
<50 5 0 
2.9  2. 6 

- - See above - - 
<20 <25  
<20 <20 
150 100 
45 2 9 

120  <20 
6 0 120 

< 20 <20 
< 50 <50 

10 2 5 
3700 3700 
<40 < 40 
<20 <20 

4000 3700 
600 180 

, tardness ,  Bhn - Hardness ,  Bhn 

Range 185 t o  192 
Average 18b 

Range 197 to  212 
Average 2 02 
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results of these tests ,  given in Table 1, show good agreement with the certified test  
values a s  well a s  good reproducibility in the properties of both alloys for both of the 
gages selected. 

Later  in the program, approximately 3 square feet of 0,030-inch-thick FS85 alloy 
sheet was also received from the U .  S. Naval Air  Development Center. This mater ial  
was prepared for the Navy by the Fansteel Metallurgical corporation" and was identified 
a s  Sheet No. 1 of Heat 85D-1560. According to the reference cited, the average analyses 
on four other sheets from the same heat of mater ial  were a s  follows: 

Element Content, wt % Element Content, wt R 

Ta 27. 58 C 0.0015 
W 10.77 0 0.0020 
Z r  0.95 N 0. 0050 
Fe <O. 007 H 0.0001 
Si <O. 005 

Similarly, the reported average room-temperature tensile properties for this mater ial  
in the longitudinal test  direction were cited as:  

Ultimate tensile strength 86, 700 psi 
Yield strength 69,300 psi 
Elongation 23 percent i n  1 lnch 

Specimen Preparation. Specimens of the as-received columbium sheet alloys were 
fabricated to ,he same configurations for  plasma-arc and static-exposure testing a s  those 
described previously for the cobalt alloys. After forming and/or  shearing to s ize,  the 
columbium specimens were prepared for  coating by: 

(1) Abrasive tumbling in  a A1203-water s lu r ry  for  2 hours to provide edge 
radii  on the specimens 

(2) Acid pickling in a 20 percent HN03, 5 percent HF, 75 percent water 
solution 

(3) Water rinsing 

(4) Alcohol rinsing and a i r  drying. 
1 

Coatings. All of the specimens intended for either dynamic o r  static tes t  exposure 
were submitted to commercial vendors for  the application of a 3-mil-thick, s lur ry-  
silicide coating. The coatings selected were R512E and VH109. 

The R512E coating was applied by Sylvania Electric Products of Hicksville, New 
York, and has a nominal composition of Si-2OCr-2OFe. The VH109 coating was applied 

Davis. J . W . ,  and Curcio, R M., "Fabrication of Fansteel 85 Metal Sheet". Fansteel Metallurgical Corporation Final Report 
under Contract NOW - 6 5 4 9 9  f. Nonh Chicago. Illinoh (March, 1966). - , 
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by the Vac Hyd Processing Corporation of Torrance, California, and consists basically 
of silicon with hafnium and tantalum a s  important auxiliary additions. 

In addition to the l a rge r  specimens. 17 coated 3/4 by 1-112-inch tab specimens 

. . I were a l so  prepared to character ize  the thickness and s t ructure  of the four major  coat- 
ing sys tems  of interest .  These included standards of the Cbi5Z and C129Y alloy sub-  
s t ra tes  to  which both coatings were applied in thicknesses of 1. 3. and 5 mi l s .  

. r 
-c k Electrodischarge machining (EDM) techniques were used to  introduce ei ther  of 

three types of intentional coating defects into the coated specimens according to the 
following specifications : 

Type A - through flaw, a 4 0 - m i l - d ~ a ~ n e t e r  hole entirely through the coated 
sheet tn represent  micrometeori te  damage 

Type B - large flaw, a 40-mil-diameter hole through the coating, t e rmi-  
nating i n  the substrate  to represent  major  a r ea l  damage from 
extr insic  sources  

Type C - small  flaw, a 4-mil-diameter hole through the coating, t e rmi-  
nating i n  the substrate  to represent  the type of flaw occurring 
randomly i n  service.  

Figure 2 i l lustrates these intentionally introduced 3aws.  
: 

FIGURE 2 .  "THROUGH", "LARGE", AND "SMALL" FLAWS INTRODUCED 
IN COATED COLUMBIUM BY EDM 
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Static Environment E x ~ o s u r e s  

Equipment 

The m a j ~ ~ r  pieces of equipment comprising the static low-pressure environment 
(LPE) facilit) a r e  i l lustrated schematically in Fiaure 3. The heart  of this equipment 
i s  a 2-inch-,It by 12-inch-long quartz chamber ir. which the specimens a r e  suspended 
vertical:; ar i '  induction heated for thermal  exposure. The top of this chamber i s  pro- 
vided with a valved, air-inleakage line and chamber pressure  i s  controlled manually 
by p r e ~ r o ~ r i m e d  adjustments of a 1/4-inch-diameter valve located in the vacuum line 
between the liottom of the furnace chamber and a mechanical vacuum pump (Edward's 
High S p x d  Rtrtary Pump, Model ED-100, maximum pumping speed of 3. 54 ft3/min). 

?'he s I)(? zimens a r e  heated by radiation from a 1.2 -inch-ID by 2 -inch-lo-lg CS 
Grade praphii ! susceptor. The furnace can accommodate up to seven each of the r ec -  
tanguklr, 3 i l  ,y 3-112-inch specimens a t  peak temperatures through 2500 F. The 
specir?sns a r ,  suspended vertically on a high-purity alumina support rod using alumina 
spacers  betuvtzn specimens. In order  to prevent overheating of the quartz walls a s  well 
a s  to irnl>rove temperature uniformity of the specimens, the graphite susceptor and 
spec ime~ .  support rods were contained within a 1-314-inch-diameter by 6-inch-long 
high-purity alt;-nina tube (not shown in Figure 3). 

For  m ~ n i t o r i n g  and controlling temperature,  two Pt/Pt-1ORh thermocouples were 
suspended :eatrally among the given samples  constituting a run. Calibration runs 
showed the following degree of specimen temperature control could be achieved over the 
distances ir.dicat ed: 

Control Temperature Variation Over 
Specir len &.laterial - Temperature,  F Vertical Distance Indicated 

Cobal:: 1900 *10 F over 1 inch 
Co 1urr:bium 2 500 *20 F over 1-1/2 inch 

Temperature and P r e s s u r e  Profiling 

Cobalt A1lc:y-5. - The r i r ,~ula ted  static reentry profiling conditions selected for the 
cobalt-alloy specimens -:onsrsted of a continuous sequence of twelve, 9-minute cycles 
each of which included : minutes' exporare a t  a peek temperature of 1900 F. The 
target  profilitlg condi.,ane for  each cycle were a s  follow: 

( 1  ) Ramp ,, pe of heatup to 1900 F in 2 minutes 

(2)  !' ,d  a t  1500 F for  5 minutee 

(3)  Cool down to below 1300 F in  2 minutes. 





Pressure  was increased linearly with time from 1 to 30 to r r  over the f i r s t  7 minutes, 
and then decreased linearly with time over the last  2 mintv'es of each cycle. 

Twenty 314 by 3- 1/2-incn alloy blanks were exposed in four runs, each of which 
consisted of nominally 12 cycles. Table 4 identifies the alloy blanks which were con- 
tained in the individual runs and also identifies the individual mechanical-test specimens 
which were later prepared from these. 

TABLE 4. IDENTIFICATION OF COBALT-ALLOY TEST SPECIMENS 
EXPOSED TO STATIC CYCLIC PROFILING AT 1900 F 

Mechanical Test 
Run Blank A110 y Welded? Specimens 

Figure 4 il lustrates a typical t ime-temperature-pressure profile for one of these 
12-cycle runs and incorporates a reduced-size copy of the actual t ime-temperature r e -  
corded data t race obtained during Run Co-3. Details on the actual t imes and tempera-  - *  { 

tu res  achieved in each of the cycles in  a l l  four tuns  a r e  given in  Tables A-1 through A-5 
in  the appendix. The nominal versus  actual t ime-temperature data for  a l l  four runs a r e  
summarized in Table 5. Agreement in the total exposure t imes and temperatures  among 
the four runs i s  reasonably good, although some effects of the number of specimens in- 
cluded in the individual runs a r e  apparent. Thus, longer average heatup times were r e -  
quired for the seven specimens in Run Co-3, and these specimens received about 10 per -  " .  
cent less  exposure time a t  1900 F than the other groups of specimens. Conversely, the 1 
two specimens in Run Go-4 reached peak temperatures  more  rapidly than the others 
(compare Tables A-  1 through A-4 in the appendix). As a consequence, even though this - 1 
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run was inadvertently terminated after only 11 cycles, the total exposure time for this 
run a t  1900 F was about the same a s  for Runs Co-1 and Co-2. 

TABLE 5. SUMMARIZED TIME-TEMPERATURE DATA FOR STATIC 
PROFILING RUNS ON COBALT-ALLOY SPECIMENS 

Item 
Target Achieved Values in Runs 
Values Co- 1 Co-2 Co - 3 Co -4 

Number of Cycles 12 

Numbcr of Specimens 20 

Average Time/ Cycle, minutes 
Heatup to 1900 F 2 
lIold at  1900 F 5 
Cool to < 1300 F 2 - 

Totals 9 

Total Exposure Times,  minutes 
Heatup and Cooldown 48 
Hold at 1900 F 6 0 
Time for 12 Cycles 108 

Temperature Control (12 Cycles) 
Peak Temperature,  F 

Minimum Value - - 
Maximum Value - - 
Average Value 1900 

Cooldown Temperature,  F 
Minimum Value - - 
Maximum Value ~ 1 3 0 0  

Columbium Alloys. Two simulated, static,  reentry profiling conditions were 
used for the coated columbium specimens. These differed essentially in  the peak ex- 
posure temperature and in the time -pressure conditions. Thus, the initial target 
profile conditions which were used in the f i r s t  two runs were a s  follows: 

(1 ) Ramp type of heatup to  1450 F in  2 minutes 

(2)  Hold a t  1450 F for  5 minutes 

(3) Ramp type of heatup to  2500 F in 2 minutes 

(4) Hold a t  2500 F for  15 minutes 

(5) Cool down to below 1300 F in 6 minutes. 

P re s su re  was increased linearly with time from 1 to 30 t o r r  over the 30-minute exposure 
period. 



However, a f t e r  the f i r s t  two dynamic cyclic exposures  were  completed, the sub-  
sequent s ta t ic  profiling conditions were  modified by 

(1) Decreasing the peak exposure  t empera tu re  f r o m  2500 F to 2350 F 

( 2 )  Changing the p r e s s u r e  pro-'ile to  v a r y  with t ime  a s  follows: 

( a )  Maintaining a n  i sobar ic  p r e s s u r e  of 15 t o r r  over the f i r s t  7 
minutes ' exposure  

(b) Linear ly  increas ing p r e s s u r e  f r o m  15 to  25 t o r r  over the next 2 
minutes ' exposure  

(c )  Maintaining a n  i sobar ic  p r e s s u r e  o i  25 t o r r  over  the next 15 minutes '  
exposure  

(d) Linear ly  decreas ing p r e s s u r e  f r o m  25 to  15 t o r r  over  the final 
6 minutes '  exposure .  

These  changes,  par t icular ly  in the p r e s s u r e  profi le,  w e r e  made to correspond m o r e  
closely to  the ac tua l  measured  p r e s s u r e s ,  whizh were  found t o  maintain a t  the 1450 F 
and 2350 F t o  2500 F tempera tu re  plateaus during the dynamic cycling. 

Twenty-two, 314 by 3-inch coated columbium blanks were  exposed in five runs  
which consisted of one t o  five cycles  a t  peak exposure  t empera tu res  of 2350 F o r  2500 F. 
Table 6 identifies the individual coated spec imens  which were  contained in these  runs .  

TABLE 6 .  IDENTIFICATION OF COATED COLUh4BIUbI SPECIMENS 
EXPOSED TO STATIC CYCLIC PROFILING 

Peak Subst rate 
No. of Exposure Thickness,  Defect Types 

R u n  Cycles  Temp, F Sample Coatlng System m i l s  Rcprescntcd 



The f i r s t  two of these  five r u n s  were  intended to  compare  the oxidation and con- 
tamination behavior of t h r e e  types of intentional coating defects in the four coating 
sys tems  of p r i m a r y  in te res t  in  stat ic cycling a t  2500 F. Accordingly, a s  indicated in 
Table 6, each  of these  coated specimens contained one each of the th ree  coating-defect 
types (descr ibed e a r l i e r )  which were  spaced 3/4- inch-apar t  along the spec imen ' s  length. 
On the bas i s  of the resu l t s  obtained f r o m  these  two runs  a s  well a s  those obtained f r o m  
a n  identical s e r i e s  of specimens cycled under the s a m e  t ime- tempera tu re  conditions in  
the dynamic encironment,  the s m a l l  Type C defect was se lected a s  a s t andard  to  eval-  
uate the extent of mechanical -proper ty  change as a function of the rmal  exposure .  Ac-  
cordingly, the balance of th ree  a'atic runs  employed specimens containing only one 

4- 

Type C defect  a t  the center  su r face  on one side.  '" Also,  a s  shown in Table 6,  these  
stat ically cycled specimens f o r  subsequent mechanical -proper ty  determinat ions  were  re-  
s t r ic ted in  thi; f i r s t - y e a r  ef for t  ( m o r e  o r  l e s s  a r b i t r a r i l y )  to the R512E/Cb752 sys tem.  

F igures  5 and 6 i l lus t ra te  the typical  t ime  - t empera tu re  - p r e s s u r e  profiling coridi- 
tions achieved in the two profi le types accorded the coated columbium specimens.  
Details on the ac tua l  t imes  and t empera tu res  achieved in  each  of the  cycles  of a l l  five 
runs  a r e  given in Tables A-h and  A-7 in the appendix. The nominal v e r s u s  ac tua l  t ime-  
t empera tu re  data fo r  a l l  five runs  a r e  summar ized  in  Table 7. 

TABLE 7. SUMMARIZED TIME-TEMPERATURE DATA FOR STATIC 
PROFILING RUNS ON INTZNTIONALLY DEFECTED 
COATED COLUMBIUM SPECIMENS 

I tem 
T a r g e t  Achieved Values i;. Runs Indicated 
Values Cb-1 Cb-2 Cb-3 Cb-4 Cb-5 

- - -- - - - 

Number of Cycles  

Average T imeICyc le ,  minutes  
Rise  t o  1450 F 2 1 . 7  2, 1 5 . 4  0. 5 1 . 0  
Hold a t  1450 F 5 5 .3  5. 1 4 . 0  5. 4 4 .9  
Rise  to Trnax 2 2 .0  2 . 2  2.9 3 . 0  2 .9  
Hold a t  Tmax 15 14 .8  15 .3  15.1  15. 0 15. 2 
Decay to  <1300, F - 6 - 8 . 3  7 . 9  4 . 6  - -- 7. 7 7. 0 

To ta l s  3 0 32. 1 32 .6  28. 4 29.9 31. 7 

Tempera tu re  ( A l l  Cycles) 
1450 7 Pla teau  

Minimum Value, F - - 1400 1400 1400 139 5 1400 
Maximum Value, F - - 1480 1485 1450 1460 1460 
Average Value, F 1450 1440 1443 1437 1440 1437 

Tmax P la teau  
Minimum Value, F - - 2500 2 4 7 0 2 3 4 0  2330 2340 
Maximum Value, F - - 2 540 2510 2355 2362 2360 
Average Value, F .. - 2500 2490 2340 2358 2356 

(a) Temperature at center of specimen. 

Each of thee blanks was later machined into a tensile-ten spechen which incorporated the defected coating region at the center 
of its reduced section. 

I A T T 8 L L R  - C O L U M D U .  
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FIGURE 6 .  TIME-TEMPERATURE-PRESSURE PROFILES USED IN STATIC 
CYCLING O F  COATED COLUMBIUM SPECIMENS FOR RUNS 
Cb-3,  Cb-4, AND Cb-5 
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Dynamic Environment Exposures  

Equipment 

Aarothermal  R e s e a r c h  Facil i ty.  The p l a s m a - a r c  exposures  were  conducted in 
the Battelle-Columbus Aero thermal  R e s e a r c h  Facil i ty.  The facility cons i s t s  of two 
separa te  in-tunnel legs  each of which includes a continuous-flow a r c  hea te r ,  a conical 
convergent-divergent nozzle,  a f ree - je t  t e s t  cabin, and a conical  convsrgent-divergent 
diffuser.  Each  leg exhausts to the p r e s s u r e  recovery s y s t e m  which consis ts  of a five- 
stage s team ejector .  E l e c t r i c a l  power fo r  both legs  i s  supplied by a 1. 5-megawatt 
r ec t i f i e r  substation controlled by - qaturable r e a c t o r ,  A schemat ic  layout of the 
facil i ty is shown in Figure  7. 

F o r  these exposures ,  the nontoxic, nonradioactive leg was used with the high- 
cnthalpy a r c  heater .  'I.lis a r c  hea te r  i s  of a modular design with a segmented column 
and gas  stabiliz: 'ion of the a r c  column. Nitrogen gas  i s  injected tangentially just down- 
s t r e a m  of the  cathode and oxygen is injected into the plenum which i s  downstream of the 
anode and ups t ream of the expansion nozzle. The plenum damps spat ia l  and t ~ n l p o r a l  
var ia t ions  in gas  p rcper t i e s  and provides f o r  a uniform t e s t  s t r e a m .  A p r e s s u r e  t ap  i s  
provided on the plenum to  continuously monitor r e s e r v o i r  p r e s s u r e  during a tes t .  A 
nozzle with a 1-inch-diameter throat  and 5-inch-diameter exi t  was used for  these  t e s t s .  

The envelope of r e s e r v o i r  conditions which can be obtained with the high-enthalpy 
hea te r  i s  shown in F igure  8. Nominal r e s e r v o i r  conditions a t  peak t empera tu re  condi- 
tions for  the coated-columbium-alloy specirncns and cobalt-alloy specimens a r e  indicated 
in Figure  8. Enthalpy and p;.essure can  be var ied independently a s  a function of t ime  
during a t e s t ,  e i ther  manually o r  by analog control  of a r c  c u r r e n t  a n d / o r  hea te r  g a s  
flow ra te .  During these  t e s t s ,  the specimen tempera tu res  were  var ied a s  a functi3n of 
t e s t  tixr-e by analog control  of the a r c  cur ren t .  

Specimen Housing. A s  shown in  F igure  1, the a r c  t e s t - spec imen  configuration 
p e r m i t s  mounting of the specimens on the model  holder by the inser t ion of pins through 
the c o r n e r  end tabs into a supporting block. Sta inless  s t ee l  blocks were  used a s  the 
holder m a t e r i a l  for the cobalt-alloy specimens,  while silicide-coatec! molybdenum 
blocks w e r e  used a e  the holder m a t e r i a l  for  ;fie columbi~un-al loy specimens.  In each 
c a s e ,  th ree  specimens were  mounted on each of two blocks. .a.Cter p lasma-arc  exposure  
the end tabs  w e r e  removed and the remaining rectangular  blatlk W A S  prepared fo r  
mechanical-property evaluations. F igure  9 shows the molybdenum blocks m ~ u n t e d  
in the water-cooled copper housing. The $ins on the leac!ing edge of the r e a r  block can 
be s e e n  along the leading edge of the r e a r  molybdenum block in  the photograph. The 
specimens a r e  f r e e  to  expand along the pins which extend slightly beyond the ezd t abs .  
The pins a t  the trai l ing edges  a r c  inse r ted  through the holes in  the s p e c i m ~ n s  and into 
the blocks a f t e r  the specimens a r e  mounte on the blocks using the front pins. The 
compartments  in the supporting blocks were  filled with f ibrous z i rconia  thermal  in- 
salat ion ( 2 i r c a r T M  Type Z Y  F-Union Carbide).  Thermocouples protruding throuk:. holes  
in the bottom of cach support  block can be seen  in F igure  9. 
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FIGURE 8. ENVELOPE O F  HIGH-ENTHALPY ARC-EEATER- 
RESERVOIR CONDITIONS 



FIGURE 9 .  T O P  V I E W  OF FORWARD AND REAR (ABOVE LEFT AND RIGHT, 
RESPECTIVELY ), SIIdICIDE-COATED MOLYBDENUM SPECJNEN 
HOLDER BLOCKS IN MODEL HOLDER AqSEMBLY 

The front support block is held anc! positioned in the water-cooled copper plate by 
a combination of eight machine screws in a push-pull arrangement  which allows for vary- 
ing the specimen height and o r i e n t ~ t i o n  relative to the copper plate. A bottom r e a r  view 
of the assembly i s  shown in Figure 10. The r e a r  blcck i s  mounted on a pair of sc i ssor  
jacks for positioning. The jacks can be actuated independently by direct-current  motor-  
driven screws during a tes t  for fine adjustment of specimen elevation and inclination, 
thus controlling the temperature.  These two screws can be seen in  Figure 10 alqng 
with the stainless s t 2 4  plate to which the front block i s  attached. Also visible in  
Figure 10 a r e  the thermocouple insulators and the tubes for water cooling of the springs # 

in  the thermo -ouple assembly. 

The model holder was made of 3 /4  in. -thick copper through which passages were 
machined for water cooling. Overal l  dimensions of the water-cooled plate were 4-112 
in. in  width and 8-114 in. in length. A cutout was provided in the plate for mounting of 
the blocks and specimens. The cutout was nominally 2-1/4 x 6 in. and was centered 
with respects to the plate width. The cutout extended f rom 1-112 in. to 7-1/2 from the 
leading edge of the plate in  the flow direction. 

Figure 11 shows a s e t  of s ix  specimens mounted in  the specimen housing and the 
assembly in the test  cabin. In this photograph, the direction of gas flow i s  from left to 
right. The assembly can be seen between the exit nozzle (left of specimens) and the 
diffuser (right of specimens). 

T e m ~ e r a t u r e  Measurement 

Thermocouples, infrared pyiometry, and infrared photography were used to 
determine the temperature response of the sptcirnens during plasma-arc exposures. 

B A T T E L L E  - C O L U M B U S  



FIGURE 10. BOTTOM VIEW O F  S P E C I l l E X  - LlODEL 
HOLDER ASSEMBLY 

FIGURE 11. VIEW O F  A S E T  O F  SIX SPECIMENS IN T H E  
MODEL HOLDER ASSEMBLY PREPARATORY 
TO A R C  EXPOSURE 
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Thermocouples. For  temperature measurement of the cobalt alloys during ex- 
posure, a Chromel-Alurnel thermocoupie was spot welded in the center of the back side 
of each specimen. 

For  the coated columbium specimens, a spring-loaded, water -cooledg, 
Pt/Pt-10 Rh thermocouple was used for  the temperature measurement of each speci- 
men. The location of these thern~ocouples  on the underside of the specimens i s  shown 
schematically in Figure 12. Also, the same alphabetic specimen identification and 
orientation illustrated in E'igure 12 was used for  all of the cobalt and columbium speci- 
mens throughout a l l  c ~ i  the plasma-arc runs. That is, the A, B: or  C'r specimens in a 
given run always occupied the A, B, o r  C positions (relative to the a r c  &low direction) 
on the forwazd block of the model hcldrz a s  shown in Figure 12 and the D, E, or  F 
specimens occupied ?he corresponding positions bn t i  r e a r  block of the model holder. 

Arc Flow --+ 

+ Defect location 
T Thermocouple location ( bottom d specinen ) 

FIGURE 12. SCHEMATIC TOP V.XW SHOWING SAMPLE NOMENCLATURE, 
ORIENTATION, ANL) INTENTIONAL DEFECT AND 
THERMOCOUPLE LOCATIONS IN COATED COLUMBIUM- 
PLASMA -ARC SPECIMENS 

To avoid reactions of the thermocouple mater ial  with the specimen's disilicide 
?sting, a 1 -mil-thick, 1/8-inch square,  iridium foil was attached t o  the coated colum- 

bium using a thin application of Sauereisen No. 8 electrotemp refractory cement. This 
was found experimentally t o  be compatible with both R512E and VH109 coatings. The 
s;,-i~g-loaded device forces  contact cf the thermocouple bead against the iridium foil 
cemented to  the underside of the specimen. The beaded ends of the thermocouples and 
high-purity alumina insulator can be seen  in  Figilre 9. 

Experiments were conducted in which the compatibility of the Pt /Pt-10 Rh thermo- 
couple with the Sauereisen cement and iridium foil was determined. It was found that 
the millivoltage output f rom the thermocouple war not affected by the presence of the 
cement o r  foil for  a 2-l/4-hour exposure in air a t  t tmpera tu re s  of 2500 to 2590 F. 

Water cooling was provided for Run 9 and all succeedlag runs. 
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Other techniques for attaching the thermocouples to the back side of the specimens 
were explored during the preliminary calibration. These consisted of: 

(1) Spot welding the thermcouple bead t:, a 1-mil-thick iridium foil and 
cementing the foil to the specimen 

(2 )  Embedding the thermocouple bead and iridium foil in a rigid cement 
attachment to the specimen 

( 3 )  Embedding the thermocouple bead only in a rigid cement attachment to 
the specimen. 

However, none of these techniques provided sufficient mechanical strength to withstand 
the handling involved in mounting the specimens to the specimen holder assembly. 

Infrared Pyrometry. Two recording infrared-radiation (IR) pyrometers were 
used during the plasma-arc exposures. The pyrometers a r e  manufactured by Ircon 
Inc., and operate in the spectral range of 2. 0 to 2 . 6 ~ .  One of the pyrometers (control 
pyrometer) was sighted on the middle specimen in the front row, approximately in the 
center of the specimen (but not at the defect) and was used for feedback control of the a r c  
heater. This was accomplished using an  analog control device preprogrammed to pro- 
vide the desired surface-temperature history by varying the current to the a r c  heater. 
The output of the thermocouple on the front middle specimen was used to initially set the 
correct  pyrometer output voltage s i m e  the value of the output signal is dependent on the 
surface emittance. Using this technique in conjanction with the pyrometer czlibration 
yielded a pyrometer emittance setting of 0.80 to 0.85. Emrttance values of 0.8 to 0.85 
a r e  in general agreement with previously obtained experimental values ::or coated co- 
lumbium alloys*. 

The second pyrometer (scanning pyrometer) was used to obtain data on the tempera- 
ture profile of the specimens. This pyrometer was mounted on a remote-controlled 
mechanism which permitted the pyrometer to scan over the specimens during the ex- 
posure. In this manner, it was possible to obtain from three to four complete scans in 
the side-to-side and flow directions across  each row of defects in each of the six speci- 
mens. The voltage output of a positioning potentiometer (which indicated the precise 
pyrometer scan location) was recorded simultaneously with the pyrometer output voltage. 
The pyrometer scan speed was adjusted to a maximum compatible with the response 
characteristics. 

The py rometer temperature -voltage calibration tabulations were experimentally 
corrected for a r c  radiation reflected from the specimen surface a t  operating conditions 
identical to those used in the specimen exposures. Also, because the pyrometers were 
mounted on top of the test cabin, i t  was necessary to correct  the signal for radiation ab- 
sorption by the teat-cabin window. This was accomplished experimentally by measuring 
the change obtained in pyrometer signal with and without the window a s  a function of 
specimen temperature. 

Infrared Photography. Color infrared pnotographs were taken during the nominal 
peak-temperature-exposure portion of the cycles to determine the temperature gradients 
over the entire exposed surface area  of the specimens. Kodak 70-mm Ektachrome in- 
frared film was used for these pictures with an  87 C filter over the camera lens. This 
combination of film and filter limits the radiation detection to a relatively narrow 

Baruch, K. O.,  et al.. "Invut igat i~  of the Ernittame of Coated Rfractory Metals". AIAA Paper No. 70-68, AlAA &h 
Aerospace Sciences Meettng, New York, New York. Jmuary 19-21, 1970. 



wavelength interval, 0.85 to 0. 90p. An electrically driven Hasselblad camera with a 
100-mm planar lens was used for these pictures. Several exposure durations and f -  
stops were obtained. The Hasselblad camera was mounted on top of the test cabin and 
was sighted on the specimens through the test-cabin window. The format was suffic- 
iently large to obtain al l  of the specimen area within each picture. 

Calibration of the infrared film was accomplished using a technique similar to 
that described by Pollack and Hickel. * In this calibration, the density of the film is  
uniquely related to the source o r  specimen brightness temperature. In essence, the 
procedure consists of three key elements: (1) a calculated relationship between the 
surface temperature and the relative radiant energy, which results in a master  distri- 
bution curve (MTD curve); (2)  an  experimentally determined relationship between film 
density and the relative film exposure energy, which results in a film-response curve 
(FR curve); and (3) a calibration point which is a known temperature on the specimen 
surface that can be associated with a corresponding film density. The f i rs t  two elements 
a r e  independently determined and a r e  associated with each other by the temperature- 
density calibration point. 

The MTD curve shown in Figure 13 i s  obtained by calculating the radiant emittance 
a s  a function of temperature within the wavelength limits of 0. 85 to  0. 9 0 ~ .  Using Wien's 
approximation of Planck's law the spectral bandwidth radiant emittance i s  related to tem- 
perature by 

1 
log WAZ -A = u - - T 

The constants required to uniquely define the radiant emittance-temperature relation- 
ship for the wavelength band of interest were obtained from results given by Pollack and 
Kickel. The MTD curve in Figure 13 has been plotted for an  assumed spectra! band- 
width emissivity of 0.85. 

FIGURE 13. MTD CURVE: RADIANT ENERGY AS A FUNCTION 
OF TEMPERATURE 

Pollack, F. G. , a d  Hickel, R 0.. "surface Temperam Llapping wltb Infrared Photographic Pyrometry For Turbine Cooling 
Invutigatbns". N I S A  TN D-5179 (January, 1969). 46 pp. 
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The second element of the fi lm calibration i s  to experimentally generate data 
which relate the fi lm density to the relative film exposure energy. This was accom- 
plished by exposing the infrared film to a constant-energy, radiation source a t  various 
energy levels. The exposure t imes  were also varied and the resulting mat r ix  of film 
densities were  plotted a s  a function of the relative film exposure energy levels. 
Figure 14 shows the film response curve generated and the actual data points obtaL~ed. 

The experimental setup consisted of the constant-temperature tungstgn ribbon 
source (previously calibrated a t  N. B. S. ), the test-cabin window used during the plasma- 
a r c  exposures interposed between the camera and the light source, and the camera. The 
distances between the camera and window and between the window and light source were 
established on the basis of the corresponding distances that would be obtained during the 
plasma-arc exposures. Also, the optical path length through the test-cabin window 
achieved during the plasma-arc exposures was duplicated during the film calibration by 
tilting the window. An 87 C fil ter was placed over the camera lens (same camera and 
fil ter a s  used during the plasma-arc exposures) to  obtain the FR curve for the same 
wavelength interval a s  was used during the a rc- je t  tes ts .  

At a given source temperature,  the exposure duration was varied to obtain the de- 
s i red  ranges in  exposure energy levels and film density. The source temperature was 
varied to ensure that a unique film-response-relationship exists  for the infrared film in 
the temperature range of interest.  Temperatures  used in the calibration a r e  indicated 
in  Figure 14. They a r e  within the range of specimen temperatures  obtained during 
plasma-arc testing. It  can be seen  in Figure 14, that the fi lm density var ies  slowly a t  
low and high energy levels,  corresponding to under- and overexposure of the film, r e -  
spectively. It can a l so  be seen that the usable relative energy response range for the 
color infrared film i s  about 10 (i. e. , a tenfold change in energy level. ) 

With a single known reference temperature or  cal i t ra t ion point, Figure 13 can be 
used to establish a n  absolute energy scale on Figure 14. This can then be used to relate 
film density to local temperature variations over the entire photograph. 

By coupling the resul ts  obtained from selected thermocouples (generally only two 
o r  three thermocouples in a given run were f ree  f rom anomalies),  the IR pyrometer 
scan data, and IR photography, est imates  of emittance ranges and changes during 
dynamic testing were achieved. In most  cases ,  i t  was possible to estimate emittance of 
the coating/substrate systems to within *O. 05 during the arc- jet  exposures. 

Temperature and P r e s s u r e  Profil ing 

Cobalt Alloys. The simulated tirne-temperature reentry profiling conditions used 
in  dynamically cycling the cobalt alloys were the s a m e  a s  those used in the static cy- 
cling. That i s ,  each plasma-arc run consisted of twelve 5-minute exposures a t  a nomi- 
nal peak temperature of 1900 F with nominal heating and cooling periods between cycles 
of 2 minutes. Typical t ime-temperature profiles for two specimens during one of these 
runs a r e  i l l r s t ra ted  in Figure 15. 

Eighteen specimens were exposed in three  runs, each consisting of twelve 5- 
minute exposures a t  1900 F. Complete cycle tirne-temperature his tor ies  for all speci- 
mens in these runs a r e  givin in Tables A-8 through A-16, inclusive, in  the appendix. 



Relative Energy 

FIGURE 14. FILM RESPONSE CURVE 

The nominal versum average time-temperature data for all specimens in each of the three 
runs a r e  summarized in Table 8. As indicated in Figure 15, the minimum temperature 
reached by the specimens on cooling between cycles .ere in the range of 1000 F to 1200 F. 

Ar noted earlier, the center temperature of each specimen during a rc  expcsure war 
monitored by a thermocouple. There data a re  rummarioed in Table 9, which also iden- 
tifier the comporitionr and weld conditionr of the 18 individual rpecimens and of the 32 ,. 
mechanical-property-tcrt epecirnenr which were later prepared from there. 

1 





TABLE 8. SUMMARY OF TIME-TEMPERATURE DATA FOR PLASMA- 
QRC PROFILING RUN> ON COBALT AI-LOYS 

Target Achieved Values ~n Runs Indicated 
Item Values 3 4 5 

Nunibt~l- <I[ Cyc1t.s I2 I2 I2 I2 

Total Expoaur~~  T ~ n l e ,  
n1rnutc.s 

R ~ s r  and Dccav 

tJ:.ak T c n ~ p r  raturv Cant rol 
(12 Cyrlcs). F 

hilnin~unl Value - - 1809 1760 1810 
Max~rnunl Value - - 1957 1962 1976 
A\ vragt- Valut. 1900 1873 1856 1866 

TABLE 9. SUMMARY O F  PLASMA-ARC-EXPOSURE TEMPERATURE 
DATA FOR INDIVIDUAL COBALT-ALLOY SPECIMENS 

Maximum Center 
~ e m ~ e r a t u r e ( ~ ) ,  F Average 

Lowest Highest . Gradient(=) Mechanical Tes t  
Location Cycle Cycle ~ v e r a g e ( ~ )  F/in. Specimens 

Run 3 - 
HSI88, w ~ i d e d  A 1841 1892 1881 9 
HS188 B 1841 1892 I882 40 
HS188 C 1855 1896 1882 14 
HS188 D 1859 1957 1904 31 
HS188, welded E 1809 1892 1851 19 
HS188, welded F 1786 1892 1845 23 

Run 4 - 
L605 A 1804 1878 1837 57 21,22 
HSl88 B 1760(~)  1 8 4 0 ( ~ )  1809 44 67,68 
L605, welded C 1781 1864 1819 47 23,24 
HS188 D 1873 1962 1924 54 69,70 
HS188, welded E 1850(~)  1 9 2 0 ( ~ )  l ~ 9 5 ( ~ )  28 71,72 
L605 F 1820(d) 1 1 9 0 ~ ~ )  1 8 5 3 ( ~ )  28 25,26 

Run 5 - 
L605, welded A 1828 1892 1850 20 2:,28 
L605 B 1851 1888 1867 45 - - 
L605 C 1810 1948 1857 I 5  29,30 
L605 D 1856 1898 1876 19 31,32 
L605, wolded E 1818 1856 1840 63 33,34 
L605, welded F 1883 1976 1922 64 35.36 

(11 C'nku d k r r t r  Wd, r h  I e m p r u u n ~  ckod mprrrm thc mbamum ttinmaDllph rrlmc oh& ar r mmhrl 
6 - l a M c  expoarc Cy~k. Tables A-11. A-1'2, anJ A-1.1. 

(b) Aretap b a d  un the maklmum t e m p r a w  fur 12 crpmnc cyeks. 
(c )  A ~ q p  bld on lk p.Jk~I(s ~ N Q ~ I I I L I * ~  in Cplus 'I. 6. 9, ud 12. Sac t a l k s  A-14. A-15. and A-16. 
(d) Tdmpt*rmr fmnr pyruuwrcr dar h.rrw d ~kn~uhwuplc Iai ln.~.  
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In the absence of sample distortion under the plasma gas flow, the temperature 
gradient along each specimen was of the order  of 10 to 25  F per inch. This gradient i s  
based on a laminar convective-heat-transfer ra te  that var ies  inversely with the square 
root of distance from the leading edge. However, about half of the exposed cobalt alloys 
exhibited a noticeable tendency to bow upwards in  the a r c  in the region where peak t em-  P peratures  were reached, i. e . ,  near  their forward edge. This had the undesirable effects 
of tending to increase the peak temperature and temperature gradient along that particu- 
l a r  specimen a s  well a s  to disturb the plasma gas flow ac ros s  the adjacent samples.  
Where this occurred, the bowing distortion and temperature effects on a given sample 

I 
were surprisingly consis tent throughout the 12 cycles. 

The schematic illustration below represents  a profile of the front and r e a r  speci- 
mens and the flow field generated by the change in  slope of the r e a r  specimens relative to 

___t -- 
Gas flow Front Specimen Rear Specimen 

the front specimens. P re s su re  measurements were made using water-cooled blocks of 
a configuration identical to that of the specimens. The positioning of the blocks was 
identical to that used in the actual specimen exposures. From the measured pressures  
and calculated f ree-s t ream properties,  the shear  s t r e s s  a t  the center of the front and 
r e a r  specimens was calculated. The calculation technique used i s  that given by Harney 
and Petr ie* and includes a correction for wall-temperature effects. Additional details 

h 
of the dynamic environmental exposure conditions a r e  given in  Appendix B. Shown be- 

. . low a r e  arc-heater operating parameters  and the calculated shear  s t r e s s  for the cobalt- 
. ?  alloy exposure conditions. 

(1) At maximum temperature (1900 F): 

Free-Stream Mach Number 

Total Gas Enthalpy (From Arc  -Heater 
Energy Balance), Btu/lb 4,460 

Heater Reservoir P re s su re  (Measured), 
1 a tm  1. 16 

- .  .. I, 

' :  Model Surface P res su re  (Measured), 

t o r r  
. :  ; I 

Region 1 11.7 ' 1 Region 2 11.7 

,! : .  , 
. .. 

4 m y ,  D. J., d Peutc, S. L,, "Hype.monic Surface Reawe a d  Heat Trader on Slender Bodies in Vadable Compritlon 

: I and NonequfllMum ~rm&hucc" Am-TR-70-31 (Aprfl. 1970:. 42 pp. 
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Aerodynamic Shear, psf 

Region 1 

Region 2 

( 2 )  Minimum temperature without loss of a r c  was about 1000 F for the front 
row of specimens and about 1200 F for the back row of spc-cimens. Gas 
enthalpy minimum was about 1800 Btullb. 

Apparently, there is a relief in surface pressure from the front to the r ea r  specimens 
which results in essentially equivalent pressures on the two surfaces. 

Columbium All=. Two simulated, dynamic, reentry profiling conditions were 
used for the coated columbium specimens. Thebe were nominally identical in time and 
temperature to the static cycling conditions previously described. Thus, both pro- 
filing conditions incorporated a basic 30-minute cycle which included a ramped heatup 
to 1450 F, holding a t  1450 F for 5 minutes followed by a ramped heatup to either 2500 F 
or  2350 F,  holding for 15 minutes, and then cooling to less  than 1300 F. Actual time - 
temperature curves for the f i r s t  two 2500 F runs a r e  shown in Figure 16. 

Pressure and cold-wall hea t - f lu  measurements were made using water -cooled 
blocks that simulated the surface geometry of the specimen exposure area  durlng dy- 
namic exposure runs. These calibration blocks bore the same orientations relative to 
each other, the water-cooled copper base plate, and the plasma stream a s  was used 
during actual exposure runs. P res  ,ure and hea t - f lu  data were obtained a t  arc-heater 
conditions used for the nominal exposure temperature of 2500 F. Additional details of 
the dynamic environmental exposure conditions a r e  given in Appendix B w h ~ c h  includes 
results illustrating the effectiveness of the techniques used to measure specimen sur-  
face temperatures. 

Operating conditions and calculated shear-stress values for the columbium-alloy 
runs a r e  given below: 

Exposure Temperature, F 

Item 

Free-Stream Mach Number 
Total Gas Enthalpy (From Arc- 

Ead ter Energy Balance), Bti;/lb 
Arc-Heater Reservuir Preeeure 

(Measured), a tm 
Surface Pressure  (Measured for 

2500 F Condition), t o r r  
Region 1 
Region 2 

Aerodynamic Shear, psf 
Region 1 
Region 2 

Results of the heat-flux meaeurements and comparison of the measured and calculated 
values a r c  given in Appendix B. 
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Excfusivc of calibr*tion runs, eight plasma-arc runs incorporating from one to 
five cycles at 2350 F or  2500 F were completed. A log of these eight runs in chronologi- 
cai order is  given in Table 10 which identifies the coating systems and test condition for 
each of ae individual specimens along with the nominal cyclic-exposure conditions. 

As indicated in Table 10, most of the plasma-arc specimens were prepared from 
s ~ b s t r a t e  alloys having an initial thickness of 2 5  to 30 mils. While not originally the in- 
tent, this expedient was adopted a s  a result of experiences with nominally 15-mil-thick 
coated specimens that were used in calibrating the a r c  conditions for 2350 F pra.iiling. 
Here, excessive bowing deflection occurred an several specimens a s  soon a s  peak- 
exposure-temperature conditions were reached. This led to localized disturbances 
in the plasma gas flow which, in turn, resulted in  verv severe thermal gradients 
across thc surfaces of the affected specimens. In the absence of gross deflection, 
typical axial thermal gradients for each row a t  the peak exposure temperature were 
on the order of 75 to 100 F per inch. This agrees gerierally with expectations based 
on flat-plate laminar-boundary-layer convective-heat-transfer theory. 

Complete time and average -center -temperature histories for specimens during 
each of the cycles on each of the eight runs a r e  given in Tables A- 17 and A- 18, respec- 
tively, in the appendix. The average cyclic time and temperature data for each run a r e  
summarized in Table 11. As described later, during several of these runs, tempera- 
tures a t  the individual coating-defcct s i tes varied widely from the ?.lominal intended 
values. Accordingly, a listing and discussion of these data have been deferred to the 
Experimental Results section of this report. 

Evaluation 

Cobalt Allovs 

The postfirin5 e aluations on the cobalt-alloy specimens included visual inspection, 
photographic-appearance documentation, and thickness measurements. 

Principal emphasis, however, was placed on mechanical-property evaluations 
wGch a r e  to include tensile testing a t  room temperature, 1400 F*, and 1900 F and creep 
testing a t  1900 F. Figure 17a illustrates the specimen test configuration which was used 
in these tests. The test-specimen length was limited to 3 inches since this was the maxi- 
mum length of the individual plasma-arc-test specimen blanks. The test specimens' 
widths were set  at 3/8 inch to provide duplicate specimens from each of the exposed 
arc-test blanks. 



TABLE 10. LOG OF COATED COLUMBIUM SPEGIMENS EXPOSED TO 
DYNAMIC CYCLIC PROFILING 

--- Specimen Colrditions Cyclic Conditions 
Substrate Defect Peak 

Coating Thickness, Types per Temperature, No. of 
Run Location System mils Specimen F Cycles 

A, B, C 2500 1 
Ditto 

11 

A, B, C 
Ditto 

I I 

A, B, C 
Ditto 

I I 

C 
None 

C 
C 

None 
C 



3 8 

TABLE 10. (Continue 

Specimen Conditions Cyclic Conditions 
Substrate Deie ct  Peak 

Coating Thickness, Types per Temperature, No. of 
Run Location System m i l s  Specimen F Cycles  

16 A R512ElFS85 30 C 
B R512EICb752 2 5 C 
C VH109/C129Y 25 C 
D Si/T166/FS85* 2 5 C 
E R512EIFS85 3 0 C 
F VH109lC129Y 2 5 C 

For discussion of &is specimen. s e  Appendix C. 
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TABLE 11. SUMMARY OF TIME-TEMPERATURE DATA FOR DYNAhUC PROFLlNG RUNS ON 
INTENTIONALLY DEFECTED COATm COLUMBIUM SPECIMENS 

Item 
Target Achieved Values in Runs Indicated 
Values 8 9 11 12 13 14 15 16 

- 

Number of Cycles 

Average Time/Cycle. Minutes 
RLK to 1450 F 2 3 1.6 0.4 0.2 0.3 0.2 0.3 0.2 

Hold at 1450 F 5 5 4.8 5.1 5.0 5.1 5.5 5.7 5.4 

Ri# to Tma 2 3.5 2.3 1.7 1.8 1.6 2.0 2.7 1.9 

Hold at Tmax 15 15.0 l l . db )  15.6 15.4 14.5 15.0 14.8 15.1 
Decay to 4450 F. 6 - 2.3(b) 5.4 - 7.0 - - - 5.9 6.2 - 5.1 - 5.7 - 5.7 - 

Totals 30 33.5 22.5 28.2 27.9 27.4 27.8 29.2 28.3 

Temperature ~ o n t r o l ( ~ )  
( ~ l l  Cycles) 1450 F Plateau 

Minimum Value, F - 1320 - 1280 1200 1300 1340 1270 1300 
Maximum Vdw. F - 1470 - 1470 1450 1450 1600 1550 1650 
Average Value. F 1450 1390 1560 1365 1315 1395 1490 1420 1450 

T,, Plateau 
MinImUm value. F - 2470 2470 2210 2300 2210 2240 2230 2420 
Mutimum Vdue. F - 2510 2510 2410 2380 2360 2360 2380 2510 
Average Value. F - 2495 2490 2300 2335 2300 2285 2315 2460 - 

(a) Temperature at center of specimen. 
(b) Run tenninrted prematurely owing to momentary power fluctuation. 



D =~136" - 
(#29 drill) 

a. Cobalt Allays 

, oll 4 corm 

b. Coated Columbium Alloys, Standard Goge 

c Coated Cdumbiun Alloys, Wide Goge 

FIGURE 17. TENSILE- AND CREEP-SPEGLMEN CONFIGURATIONS 



In the room-temperature tensile tests,  the nominal s train rate (based on constant 
crosshead speed) was controlled a t  0.01 in. /in. /min up through the yield load, and then 
increased to a rate of 0 .  1 in. /in. Imin to f ra  :ture. At elevated temperatures, th;: nom- 
inal strain rate was maintained a t  a constant value of 0. 04 in. /in. Imin throsghout each 
test. In all  cases, load-deformation curves were recorded autographically using a 
LVDT (linear variable differential transformer) which was attacked to  the specimen grips 
to measure of strain. All tensile tests were performed in still, dry a i r .  

The creep-testing procedure used was designed primarily to compare the relative 
effects of the different cyclic-exposure environments on a low level of creep strain 
(0.5 to 1 percent) in a nominal test exposure time of 12 hours a t  1900 F. Because of 
these moderately long exposures, these tests  were carried out in a dynamic vacuum cf 
10-4 to 1 0 ' ~  mm of mercury. As in tensile testing, creep strain was measured auto- 
graphically on an  x-y recorder through thc use of a LVDT attached to the specimen grips. 
Initial calibrations with direct gaging and optical s train readout showed good reliability 
and reproducibility for the external-measurement technique. 

Selected mechanical-property-test specimens were also subjected to metallo- 
graphic examination. To preserve the character of the surface on these specimens, a l l  
were nickel plated prior to mounting and grinding. 

Coated Columbium Alloys 

Coating Thickness and Quality Correlations. All coated specimens were evaluated 
for coating quality by visual inspection and micrometer thickness measurements. The 
latter were performed using both flat-tipped and pointed-anvil micrometers,  usually by 
taking thickness measurements in a minimum of three locations on each sample. In 
addition, approximately 125 of the coated specimens were also subjected to coating thick- 
ness measurements using both eddy-current and thermoelectric-probe measurement 
techniques. 

The eddy-current instrument used was a Dermitron Thickness Tester,  Model D-2, 
made by Unit Process Assemblies, Incorporated, of New York, New York. The probe 
used was the standard Type C (2 megahertz) unit which was supplied this model. 

The thermoelectric probe consisted of a standard, commercial, 40-watt soldering 
pencil (Ungar Electric Products, Hawthorne, California) equipped with Ungar Tip 
No. PL-331. The temperature of the probe was maintained a t  550 F and a standard 
probe loading weight (point contact pressure against a laboratory spring balance) of 
500 grams was used with a dwell time of 15 seconds before each reading. 

In order to compare these three coating-thickness-measurement techniques, 
seventeen coated tab specimens with nominal coating thicknesses of 1, 3, and 5 mils  
were evaluated a s  follows : 

(1) A reference line was lightly penciled across  the center on the top and 
bottom surfaces of each specimen. 

(2) Thickness measurement8 were made, using both a pointed tip and flat 
anvil micrometer, a t  the exact centers of each specimen. 



(3) Five thermoelectric-probe readings were made at  five points adjacent 
to the reference line on the top surface of each specimen. 

(4) Dermitron readings were obtained at  three of the same points evalu- 
ated for probe readings on the top surface of each specimen. Sim- 
ilarly, readings were also made on the bottom surface exactly opposite 
the top readings. 

(5) Each specimen was then sectioned for metallographic examination along 
the reference line. Minimum and maximum thicknesses of the coating 
were then determined a t  each of the points where thermoelectric probe 
and Dermitron readings had previously been determined. 

In al l  cases, the thicknesses of al l  coated specimens were found to be significantly 
less upon measurement with pointed-tip micrometers a s  compared with measurement 
using flat-anvil micrometers. These differences were less for the K512E roatings 
(from 0.8 to 1.1 mils)  than for the VH109 coatings for which the differences on the nom- 
inal 3-mil-thick coatings varied from 2. 5 to 3.8 mils. Metallographic examination 
confirmed the macroscopic observations which indicated that these discrepancies in 
thicknesses resulted from coating-thickness variations on a microscopic scale. Repre- 
sentative microstructures of the as-coated systems a r e  shown in Figure 18. 

In general, the microstructures of all  of the R512E-coated Cb752 specimens were 
fairly uniform on each specimen a s  well a s  from one specimen to another. The struc- 
tvre of this coating system was also consistent with that of the D43 columbium-alloy 
substrate described by other investigators. " According to this reference source, the 
thin innermost coating layer consists essentially of unmodified Cb5Si3. The moder- 
ately thick outermost layer consists of essentially unmodified CbSi2. Between these ex- 
tremes, several layers were identified which a r e  al l  of the (chromium, iron, zolum- 
bium)$i3 structure but which differ in chemistry. 

As applied to the C129Y substrate, the R512E coating structure was similar to that 
observed on the Cb752 substrate and was equally uniform in thicknees. 

Microstructures in the VH109 coatings were somewhat more complex and less con- 
sistent than those observed in the R512E coatings, a s  shown by comparisons within 
Figure 18. Specifically, the innermost layers in al l  -f the VH109 coatings (marked A in 
Figures 18c and 18d) were fairly consistent in structure and thickness on each of the 
specimens examined. However, the thickness and number of phases in the outerlying 
layers of these specimens were variable within a given specimen a s  well a s  from speci- 
men to specimen. Also, the thicknees of the Cb752 substrate a s  coated with VH109 
showed a pronounced irregularity (as indicated by the curved substrate/coating interface 
in Figure 18c), which suggests a moderate degree of chemical incompatibility for this 
coating system. 

Despite these thickness irregularities (which a r e  characteristic of al l  silicide 
coatings), a reasonably good agreement was found for the maximum as-coated thicknesr, 
value of each rpecimen upon comparing the metallographically determined value6 with 
thore obtained a t  the name location using pointed micrometers. These data a r e  given in 
Table 12 for a l l  of the nominal 3-mil-thick coating rpecimens examined. Also, despite 

Triceman, S. ,  bad Sunr, L.. "Developme~~K of F w d  Slurry SUIcfde CortInga for the Elevated-Temperature Oxidrtfon Rotec- 
tbn of Columbium rod TrmPum Alloys", APML-TR-88-210, Sylvrir  Electric Roductr, Inc., New York. N. Y. (December. 
1968). 
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RGIJRE 18. REF'RESENTATNE MICROSTRUCTURES IN AS-COATI33 COLUMBIUM SPECIhQNS 

All coatings nominally 5 mils thick except for Sample R9-I where coating was 
nominally 3 mils thick. 
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local variations in coating thickness a t  any given point, the average coating thicknesses 

I were fairly uniform over both surfaces on a l l  of the specimens examined. 

For each of the coated specimen standards examined, calculations were made to 

I determine the amount of substrate consumed for each mil  of thickness in the resulting 
coating. These data a r e  also given in Table 12. As indicated, the R512E coating acted 
essentially the same with both alloy substrates, i. e . ,  both substrates decreased by about 

I 0. 5 mil  in thickness for each mil  of coating applied a t  the nominal 3-mil-thick coating 
level. Surprisingly (in view of the duplex processing involved), less  substrate consump- 
tion occurred for both alloys with the application of the VH109 cozting a s  compared with I the R512E coating. 

Later, more extensive measurements were made on these same specimens to 
a s sess  more accurately the overall (as  compared with iiscrete-point evaluation) coating- 
substrate reactions. The resuliing average factors for  substrate consumption during 
processing to apply nominal 3-mil coatings were determined a s  follows: 

Substrate Consumption, 
mils/mil of 

Coating Systems coating applied 

R512E/Cb752 and 0.39 
R512E/C129Y 

VH104/ C12CY and 
VH109/Cb752 

As noted above, a good correlation waa obtained between the maximum coating- 
thickness values obtained by metallographic measurements and those obtained by pointed 
micrometer measurements. This i s  illustrated for three of the coating substrate sys- 
tems of interest by the solid curves in Figure 19. The dashed curves, representing 
minimum and average coating-thickness values, were added to Figure 19 on the basis of 
the metallographic measurements on these same specimens. 

Similarly, a reasonably good agreement was observed between the metallograph- 
ically determined maximum coating thicknesses for the R512E-coated alloys and those 
obtained by the Dermitron measurements. This i s  indicated by the solid curves shown 
in Figure 20, A and B. Again, dashed curves representing metallographically deter- 
mined minimum and average coating thicknesses were added to these figures. For the 
VH109 coatings, the correlatiod of coating thicknesses with Dermitron readings was less  
satisfactory, especially for the VH109/Cb752 specimens a s  shown in C of Figure 20. 
This is believed to be a combined result of (1) the greater surface roughness of the 
VH109 coatings (as compared with R512E) and (2) the variable microstructures observed 
in the VH109 coatings. Thus, the Dermitron relies primarily on variations in the elec- 
t r ical  conductivity of the coating which is a function of coating chemistry and, hence, 
coating microstructure. 

Attempts to correlate the metallographically determined coating thicknerses with 
the valuer obtained by thermoelectric-probe readings gave the lear t  ratiriactory results.  
This is illustrated by the curves in  Figure 21 where the range of probe reading8 obtained 



FIGURE 19. CORRELATION OF COATING- THICKNESS INCREASE 
(AS DETERMINED BY POINT MICROMETER 
MEASUREMENT) TO COATING THICKNESS 

FIGURE 20. CORRELATION OF DERMITRON READINGS 
TO COATING THICKNESS 



at  any given point on a coated specimen i s  indicated by the spread in the dashed curves 
showing the extremes in the millivoltage readings obtained versus average coating thick- 
nesses a s  determined metallographically. As is  well knowr., the thermoelectric output 
a t  any probe contact point i s  dependent on coating chemistry and the temperature a t  the 
contact point. Prel imiiary experiments showed that the results obtained were also ex- 
tremely sensitive to contact pressure and time. Despite attempts to standardize on the 
equipment and technique used, the results obtained were too er ra t ic  to warrant the use of 
this technique a s  a means of exercising quality control on coating thickness for fully pro- 
cessed specimcns. 

A. ~ 5 1 2 ~ / ~ b 7 1 ~  

Minlmum mating A m  mating thiclvmr variation wrsus 

0 -1.0 - 2 0  - 30 

Moaknum eooting t h i c k m  

/' - 

0 -1.0 -21) -10 

FIGURE 2 1. CORRELATIONS O F  THERMOELECTRIC PROBE MILLIVOLTAGE 
READINGS TO METALLOGRAPHIC COATING THICKNESS 

Because of its applicability t o  both the R512E and VH109 coatings, the pointed- 
micrometer measurement technique war favored a s  the preferred met+.od for estimating 
coating thicknesses. 

Dynamic Teat Time-Lapre Photography. As dercribed later ,  unexpectedly rapid 
defect growth occurred a t  the coating'r intentional defect rite6 during the f i r r t  2500 F a r c  
exporure of there upecimens. Accordingly, for  al l  rucceeding a r c  exporures, a remotely 
operated Haarelblad camera war mounted over th& a r c  chamber and war umed to take a 
timed requence of black-and-white panchromatic photographr during any given exporure 
sequence. 



Posttest  Physical Appearance. Each of the statically and dynamically cycled speci- 
mens was photographed and inspected visually a t  magnifications thAough 30X. Where 
present, the diameters  of coating's defect s i tes  were measured optically on the coating's 
surface. Since preferential  bubstrate oxidation and subsequent undercuttir!. of the 
coating occurred a t  many of these defect s i tes ,  X-radiography was used to quantitatively 
asp .so the extent of substrate oxidation a t  these locations. Here,  contact prints were 
prepared from the X-ray film and optical methods were used to measure the affected 
a reas .  

Many of the cycled specimens were also sectioned for metallographic examination 
through the coating's intentional-defect s i te  and a t  selected sections away from the de- 
fect sites.  In most  cases ,  Tukon hardness t raverses  were cond~c ted  on these sections 
using a 50-gram load. 

Mechanical Propert ies .  The mechanical properties under study for the coated 
columbium alloys include tensile properties a t  room-temperature and 2400 F and creep  
properties a t  2400 F. At the t ime of this writing, however, only the resul ts  of the rcum- 
temperature tensile testa were available. Figure 17 il lustrates the two types of tes t-  
specimen configurations which a r e  being used in  this work. As was noted ea r l i e r  in  the 
discussion of the cobalt tests-specimens, the overall  size of these coated columbium test  
specimens was limited t J the maximum 3/4 by 3-inch s ize of the plasma-arc exposure 
blanks. The standard narrow-gage specimen configuration shown in F i g w e  17b was 
adopted a s  the principal means of assessing the effects of contamination introduced (into 
the center of the reduced section) a t  an  intentional-defect s i te  af ter  various thermal  
expodures. The wide-gage specimen configuration shown in Figure 17 was used on s imi-  
larly defected coupons to a s s e s s  the influence of incr,  asing the rat io  of uncontaminated 
to contaminated a r e a s  in specimens af ter  selected t h e r s ~ a l  exposures.  

As  described previously, the small  Type C (4-mil-diameter through-colting hole) 
deiect was selected a s  the standard coating defect in these mechanical-property deter-  
minations. These defects were introduced in the coated, rectangular coupons pr ior  to  
thermal  exposure, and the tes t  configurations shown in Figure 17 were la te r  machined 
from the expose.! blanks. It  was recognized that machining of the tes t  specimens af ter  
coating would introduce some additional coating damage. However, the effects of this 
damage on alloy-substrate properties were not expected to  be signilica nt in comparison 
with t h ~ s e  sustained a t  the coating's intentional-defect sites.  To verify this contention, 
a n  appropriate number of baseline tensile tes ts  were performed on coated specimens 
which were (1) coated af ter  machining to the standard tensile-test-specimen configura- 
tion before testing, and (2)  coated a s  3/4 by 3-inch rectangular blanks and machined to 
the adopted corlriguration before testing. 

All strength propertier for  the coated specimens were computed on the basis  of the 
alloy-substrate cross-sectional a r e a  remaining af ter  coating. In the room-temperature 
tensile tes ts ,  a nominal s t ra in  ra te  of 0. 005 in. /in. /min was used up through the yield 
load; the ra te  was then increased to 0.05 in. /in. /min to fracture.  
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EXPERIMENTAL RES JLTS 

Gob alt Alloy s 

Physical Response to Cycling 

Static Environment. Figure 22 il lustr  ates the ar: sarance oi  the cobalt-alloy 
specimens after exposure to 12 static, 1900 F profiling cycles. In general, most  of 
the specimens in Runs Co-1 and Co-2 were s imilar  to each other in t e rms  of their 
basic color (light to medium gray).  In comparison, the specinlens of Run Co-3 were 
a slightly lighter shade of gray and also showed t races  of blue-green and straw-tan 
colors toward their upper and lower ends. This apparently reflects he lower total 
peak-exposure-temperature t imes which these specimens received (44.9 minutes) a s  
compared with the corresponding t imes A U K  Runs Co-1 and Co-2 (51.4 and 50.9 min- 
utes,  respectively; see  Table 4).  

Also, five of the nine L605 specimens contained in Runs Co-1 and Co-2 (Speci- 
mens C2-C6, inclusively, in Figure 22) displayed a dark spotty pattern across  their 
center ssctions, suggestive of spalling. This apparently resulted from the slightly 
higher heating ra tes  accorded to these specimens. * Conversely, none of the HS188 
specimens c o ~ t a i n e d  in these runs displayed this spotty oxidation char3cteristic.  On 
the basis of appearance alone, this suggests that the surface qxidation characterisxics 
of the HS188 alloy unac,r static cycling conditions may be superior to those for  the 
L605 alloy. However, thickness measurements on all 20 specimens after their cyclic 
exposures showed that no significa.?t dimensioqal changss had occurred in any of these. 
Thus, loriger exposure times would appear required both to confirm this "advantage" 
and to determine the net effects on the alloy's mechanical properties.  

Dynamic Environment. Immediately after the dynamic cyclic expcsl? - +,s, a thin 
layer  of a black, sc~ot-like deposit was noted on the top exposed surface of all cf the 
cobalt-alloy specimens. l h i s  deposit was fairly uniformly distributed over al l  of the 
specimens in  Runs 3 and 5, but displayed the unusual sedimentary pattern on the Ru. 4 
specimens that ia illustrated in Figure 23. (Note: The clear ,  semicircular  a r ea  near 
the leading edge of Specimen A in Figure 23 resulted f rom the inadvertent removal of 
the deposit by contacting the surface with a finger, i. e., f rom a fingerprint. ) A spec- 
trographic analysie on samples of this deposit (collected f rom the surfaces c C  all  Run 4 
specimens) showed only the presence of all of the major  alloying elements in the L605 
and EX88 alloys in about the same proportions a s  these occur in the base compositions. 
A carbon analysie of thia same mater ial  showed the carbon coritent to be 0.1 weight per-  
cent. On these bases, the eooty deposit was tentatively identified a s  a mixed (nonmag- 
netic), metallic oxide. 

After the specimens were  wiped with cloth to remove the sooty oxide, inspection 
disclosed that the top surfaces of all  of the cobalt-alloy specimens were s imilar  and 
fair ly  uniformly cove,red with a dull, adherent flat-black oxide. No significant differ- 
ences in color o r  texture nf this oxide were apparent among the centers  of any of these 

5 b presumed that LBO5 S p c h e n  C6 contained in k n  Co-2 war heated a d  cooled more rapidly than tbe otber LBO5 spctmeas 
in chili run by vtrtue of its position in thc furnace, 1. e . ,  on the outrkle of th specimen group, facing the surceptor. 



a. Run Co-I: 1 
C 5 c4 C 3  

L60'-- 
C2 
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b.RunCo-2:  H S l 8 8  w L 6 0 5  I 

cie C I ~  c16 c 1 5  
C .  Run Co-:  t 
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FIGURE LZ. APPEARANCE O F  CCBALT ALLOY SPECIE.ZEWS AFTER TWELVE 
5-MINUTE EXPOSURES TO 1900 F IN THE STATIC, LOW- 
PRESSURE ENVLROii?fENT 
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specimens despite the fact that the average peak exposure temperatures differed by as 

I much as 1 1 3  F on these individual specimens ( see  Table 9). Some oxide degeneration 

I had occurred in localized regions (coincident with peak exposure t e m ~ e r a t u r e s  on the 
top surfaces at o r  within 1 /2  inch of the leading e.iqes) on Specimens D, E, and F of 
Run 3 and Specimens D and F of Run 4. In these a reas ,  the thin, residual oxide film 

I - : I  tended to display a mixture of greenish and tan ~ o l o r s .  
I 

I Flow Direction - 
FIGURE 23. TOP VIEW O F  COaALT AI-LOY SPECIMENS IN MODEL 

HOLDER AFTER EXPOSURE TO TWELVE DYNAMIC 
1900 F CYCLES (RUN 4) 

A. L605 
B. HS188 
C. L605 (welded) 

D. HS188 
E. HS188 (welded) 
F. L605 

I A slight amount of permanent distortion, i. e . ,  bowing, was retaiqed on the speci- 
mens which had occupied the front-row A-B-C positions in each run. It was apparent, 
however, that most of the dietorti2n which occurred during the a r c  exposure was a r e -  

- ., sult of thermal stressiqg, and relatively little permanent distortion remained after the 
exposures. 

Examination of the bottom surfaces of all  specimens showed that these essentially 
retained the dark-gray matte finish wllich had been imparted by the preoxidation t reat-  

, .- I ment. The exception he re  was that the edgc a r e a  of those specimens which had been 
subjected to a disturbed gas-flow pattern a s  a resul t  of specimen bowing did develop a 
thin layer of loose oxide. In contrast to the sooty surface oxide, this nonadherent oxi- 

- I dation product from the bottom surfaces of the specimens was magnetic in all cases .  

-4fter removal of the sooty oxide, thickness measurements  showed that no signifi- 
cant charlges had occurred on 14 of the 16 specimens exposed. Two specimens of HS188 
which had been exposed to the two highest average temperatures of 1924 F and 1904 F 

I 
(Specimens 4D and 3D in Runs 4 and 3,  respectively) exhibited the greatest  changes in 
thickness. These thickness increases were, however, only 0.4 and 0.2 n i l ,  
respectively. 

I E A T T C L L E  - C O L U M B U S  



TABLE 13. EFFECTS OF EXPOSURE ENVIRONMENT ON THE AVERAGE 

Exposure Codftbm 
Test T h e .  min U l t h a t e  0.2% Offset Elongation 

Exposure Temp. A g .  ~ k m d  Saagth, Yield Srmgth. in 
hvkonment F - Specimen T. Decay TmU T O W  hi ltsi O.SInch, % 

- 

Baseline 
LPE 
A n  

Baseline 
LPE 
An: 

Buem 
LPE 
An: 

Bueline 
LF'E 
Arc 

l.605 Alloy 

50 
50 
51 

12 
19 
12 

HSl88- - 
65 
59 
61 

20 
22 
19 

(a) W d u i g n u u  weld; PM duignuu puem md. 
(b) R ~ t b  of welded to unwelded ultimate rtrrqth far uodnrocd welds. 



TENSILE PROPERTIES Ot: UNWELDFD AND WEUIFD COBALT ALLOYS 

Wrlded Condition 
Exposure Condf ions 
Avg. Time, min Ultimate 0. Offset Elongation Joint 

Temp. Rise and Strength. Ybld Strength. in Failure ~ff ic iency(~)  
Specimen T. F Decay Tm, T a d  ksi h i  0 . 5 ~ .  % ~ocation(') 96 

3. 4 - - - - 21.4 20.3 10 w. w 111 
75. 78 1913 56.0 51.4 107.4 22.6 19.9 14 w, w 110 
27, 28 1850 40.2 55.7 105.9 23.0 21.9 11 PM, W 112 

43. 44 - - - - 135.5 65.7 52 PM. PM 100 

95, 96 1905 66.5 44.9 111.4 135 63.3 50 PM. PM 102 
65. 66 1845 51.9 63.1 115.0 135.5 62.9 52 PM, PM 102 

39. 40 - - - - 21.1 19.0 16 PM. PM 117 
91. 92 1911 57.7 50.9 108.6 20.3 17.5 17 PM. w 103 
57, 58 1881 51.9 63.1 115.0 20.3 18.9 17 w. w 115 



The ernissivity changes during exposure were measured by observing the surface 
temperature with a single-color pyrometer. This was sighted at one specimen and the 
output was continually monitored during the 12-cycle exposure. An emissivity setting 
of 0.83 was used for both the L605 and HS188 allo, On the basis of this output, a 
relative emissivity change can be estimated. The results of these data indicate that 
there was no substantial change in emissivity after surface-temperature variations were 
accounted for. The indicated variation was within the 2 percent rr-aximum potential 
e r r o r  associated with recording of the outputs of the pyrometer and thermocouples and 
reducing the data. 

Tensile Properties 

The tensile pmpert ies  of both the statically and dyrikrnically cycled cobalt alloys 
were determined usizg duplicate specimens a t  both room temperature and 1900 F. The 
results for the individual specimens a r e  given in  Tables A-19 and A-20 in  the appendix. 
Table 13 lists the average values obtained and relates these properties to the exposure 
conditions used. These results  a r e  conveniently discussed in the paragraphs which 
follow. 

Effects of Welding. The results of the baseline property determinations showzd 
that, at room temperature, the ultimate and yield strengths of both alloys were essen- 
t i d l y  identical for- both thd unwelded and welded conditidns. However, the unwelded 
HS188 alloy showed about a 30 percent tensile-elongation advantage over the unwelded 
L605 (i. e., tensile-elongation values of 65 versus 50 percent, respectively). The 
room-temperature tensile ductility of both alloys was degraded slightly by welding, and 
here  again, some superiority of the HS188 alloy was indicated. Thus, not only was the 
as-welded tensile ductility of the L605 decreased to a greater  extent (28 percent versus 
20 percent reduction fo r  S 1 8 8 ) ,  but the tensile failures in the welded L605 specimens 
also occurred in the weld joints of this alloy despite the fact that the joints were thicker 
than the adjacent parent metal. 

At 1900 F, the strength and ductility of both unwelded alloys dropped sharply. 
For comparison purposes, some preliminary 1900 F tensile-property data* for the 
HS188 alloy (solution treated a"Ll50 F)  re given below: 

Sheet Ultimate Yield Elongation, 
Thickness, in. Strength, ksi Strength, ksi percent 

As shown, the tensile ductility of the HS188 alloy at 1900 F decreases markedly with 
decreasing sheet thickness. Consequently, the low 1900 F tensile ductilitics observed 
in the HS188 and L605 alloys (in the present baseline-condition evaluation) is primarily 

*Exarpobted from 1800 F ud 3000 F data cooufocd ia r pclimloulr dur rrlurt from the C.ba Caqxmrtion of Kokomo, 
trdirnr. d u a l  Jra~up 19. 1970. 



believed to be a gage effect resulting from both the low thickness (nominally 0.015 inch) 
and the small  gage s ize (0.5 inch long by 0.125 inch wide) of the test  specimens used. 

Simil2- decreases  in the 1900 F tensile properties occurred in both al1~y.s after 
welding, alt..augh the 1900 F weld ductility was l e s s  adversely affected than were the 
strength values. Consequently, the net effects of welding on the 1900 F tensile prop- 
er t ies  of both alloys were l e s s  than observed in these same mater ials  at  room 
temperature.  

Effects of Exposure. The effects of the cyclic exposure environments on the 
room-temperature and 1900 i' tensile properties of both alloys in the unwelded and 

- - 

welded c~nd i t i ons  a r e  also compared in Table 13. No significant tensile-property dif- 
ferences a t  either tes t  temperature fo r  any of these exposed specimens were apparent 
in comparisons with the baseline property data  for  unexposed material .  

Creep  Propel  t ies  

The resu l t s  of c reep  deformation testing on a n  identical group of baseline and 
statically and dynamically cycled specimens a r e  given in  Table A-21 in  the appendix. 
Some effort was made to apply a statistical analysis to these results.  However, for 
both alloys, the spread in data was too grea t  to  ass ign  any statistical significance to the 
effects of e i ther  welding o r  thermal  exposure on the c reep  behavior of the samples  
represented. Nonetheless, some behavioristic t rends  were suggested when the paired 
resul ts  f rom the duplicate specimens were compared. This is evident f rom Table 14 
which l i s t s  these average creep-test  values along with the pr ior  thermal  hir tor ies  of the 
different specimens. The t rends suggested by these data a r e  summarized a s  follows: 

(1) The baseline-condition property comparisons suggest that both the 
HS188 and L605 alloys showed an increase in 1900 F creep-  
deformation resis tance a s  a resul t  of welding. 

( 2 )  Thermal cycling of both the unwelded and welded L605 alloy appears 
to degrade i ts  1900 F creep  strength slightly. The dynamic en- 
vironment may have a more  severe  effect than the static, although 
temperature eficcls (i. e., increasing creep-strength degradation 
with increasing average cyclic peak exposure temperatures) may 
actually be controlling. 

(3)  In contrast, thermal cycling of both the unwelded and welded HS188 
alloy appears to improve its 1900 F creep-deformation resistance, 
especially for  mater ial  cycled in the dynamic environment. 

Metallography 

Appr~ximate ly  half of the baseline and thermally exposed tensile- an3 creep-test  
specimens were  subjected to metallographic examination. In brief, mos t  of these speci- 
mens showed many features  in common, and only the creep-tested HS188 specimens 
showed structural  changes which appeared related to differences in their thermal- 
exposure environment. 



TABLE 14. CORRELATION O F  AVERAGE 1900 F CREEP DEFORMATION 
BEHAVIOR AND EXPOSURE HISTORY O F  COBALT ALLOY 
SPECIMENS 

Time, hours,  
Exposure Time, minutes for  Indicated Minimum 

Exposure Average Heatup Creep Creep 
Environ- Peak and Hold a t  ~ t r a i n ( a )    ate(^), 

Specimen ment Temp, F Cooldown TavR Total 0.5% 1.0% %/hour 

L605 Unwelded 

9, 10, 18 Baseline - - - - - - - - 5.5 14.6 0.044 
83,85 LPE 1911 5 8 5 1 109 3.15 9.95 0.061 
31,32 Arc 1876 40 6 6 106 3.8 11.9 0.049 

L605 Welded 

1 ,2  Baseline - - - - - - - 6.45 18.4 0.042 
76,77 L P E  1913 5 6 5 1 107 4.55 16.8 0.049 
35,36 Arc 1922 40 66 106 1.6 4.6 0.076 

HS188 Unwelded 

4 6 Baseline - - - - - - - - 1.0  3 .5  0.20 
97,98 LPE 1905 67 45 112 1.4 3.5 0.20 
69,70 A r c  1924 5 6 63 119 4.1 8.4 0.12 

HS188 Welded 

37,38 Baseline - - - - - - -- 2.93 5.5 0.20 
73,74 LPE 1913 5 6 5 1 107 2.9 7.15 0.12 
71,72 A r c  1895 5 6 63 119 5.3 10.3 0.11 



The common features which showed no relationship to differences in pr ior  
thermal-exposure history a r e  noted a s  follows: 

(1) All specimens showed a thin oxide layer  l e s s  than 0.3 mil  thick. 

(2) All specimens showed a grain-boundary denuded layer  0.3 to 
0. 5 mil  thick underlying the oxide film. This zone was tentatively 
ascribed to chromium depletion from the surface oxide-film for - 
mation and evidently was formed in the initial 1900 F preoxidation 
treatment. 

(3) The room-temperature tensile f rac tures  in both alloys showed ductile 
failures for  both the unwelded and welded conditions. 

(4) The fracture locations in the welded tensile specimens of both alloys 
were confirmed. That is,  tensile f rac tc res  in the welded L605 speci- 
mens occurred predominantly in the weld metal,  while f rac tures  in 
the welded HS188 specimens occurred predominantly in thc parent 
metal. 

(5) The 1900 F tensile failures in the HS188 specimens resulted in 
internal grain-boundary tearing throughout the reduced test  gage 
section. In contrast, the 1900 F L603 tensile f rac tures  showed 
grain-boundary tearing from the surface inward, primarily near  
the fracture region. 

The only environmentally associated s t ructural  difference noted among all these 
specimens was found in the 1900 unwelded se r i e s  of creep-tested HS188 specimens. 
Here, both the baseline and statically cycled specimens (Specimens 46 and 98, re -  
spectively, in Table 14) showed a la rge  amount of a t ransversely oriented (relative to 
the s t r e s s  axis) grain-boundary phase (illustrated in Figure 24a). In contrast ,  the 
dynamically cycled specimen (Specimen 69) displayed li t t le o r  none of this phase. How- 
ever,  all three welded HS188 creep-test  specimens (Specimens 37, 71, and 74 in 
Table 14) a l p -  showed this  s ame  phase, though in  much l e s s e r  amounts than in Speci- 
mens  46 and Y 8. Consequently, the correlation between c reep  behavior and the quantity 
of this oriented phase for unwelded specimens is weakened by observations on the 
welded specimens. 

Coated Columbium Allovs 

Coating Quality and Thickness 

Two separate batches of about 125 coated specimens each were prekared over  the 
f i r s t  year 's  work. In the f i r s t  batch (prepared in October, 1970), both the R512E and 
VH109 coatings were applied to both the Cb75i and C129Y suhstrate  alloys. The second 
batch (prepared 6 months la te r )  consisted of the R51ZE coatings on the Cb752 and FS85 
alloys and VH109 on C129Y. 

In appearance, both coatings were s imilar  in color (light gray). The R512E coat- 
ing was consirtent i n  texture in  both batcher, regard lers  of rubrtr- te ,  ae  shown i n  
F igures  25 and 26. In cornpariron, the VH109 coating was noticeably rougher i n  texture. 
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a.  Specimen 46 - Baseline Condition 
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b. Specimen 69 - Expoeed to Twelve 1900 F 
Dynamic Profiling Cyclee 

FIGURE 24. LONGITUDINAL MICROSTRUCTURES CF 1900 F 
CREEP- TESTED HS 188 ALLOY SPECIMENS 
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FIGURE 25. APPEARANCE OF TYPICAL AS-COATED BATCH 1 PLASM-ARC TEST SPECIMENS 
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this  coating a s  applied to the C129Y alloy changed markedly in appearance f r o m  the f i r s t  
batch to the second. Thus, while the f i r s t  VH109/C129Y samples  had the uniformly 
spongy texture shown in F igure  25d, the second batch of coatings had a spangled texture ,  
a s  i l lustrated in F igure  26b. 

5F697 9X 
Top Surface 

5F703 
Top Surface 

5C698 9X 
Edge 

SF701 
Edge 

FIGURE 26. APPEARANCE OF TYPICAL AS-COATED BATCH 2 PLASMA-ARC 
TEST SPECIMENS 

Mozt of the p lasma-arc - tes t  specimens had undergone s o m e  warpage a s  a resul t  
of the coating process ing,  especia l ly  in the end a reas .  This apparently resul ted f r o m  
the action of res idual  s t r e s s e s  (induced in cold forming the end t abs )  during the high- 
t empera tu re  sintering treatments2:: which a r e  used to diffuse these  coatings to the 
columbium- alloy subst ra te .  

Also, a s  i l lustrated in F igure  25, some of the VHlO9-coated p lasma-arc - tes t  
specimens showed s e v e r e  coating c r a c k s  along the edges  of the end tabs. The extent 
and sever i ty  of coating edge cracking on the p lasma-arc - tes t  specimens was  markedly  
reduced in the a r e a s  away f r o m  the end tabs,  although s o m e  edge c r a c k s  w e r e  observed  
on mos t  of the VH109/ C129Y, VH109/Cb752, and R512E/ C129Y specimens.  Similar ly ,  
occss icnal  edge c racks  w e r e  a l so  observed on m o s t  of the as-coated VH109/C129Y, 
VH109lCb752, and R512E/C129Y tensi le- tes t  blanks. In contras t ,  the f reedom f r o m  
obvious defects in the as-coated R512ElCb752 and R512E/FS85 specimens was  str iking.  

'For the most ran, the processing details used to apply t l lea coatings are proprietary. However, it is known that the R512E 
formulation (S:-200-20Fe) is applied with a final diffusion treatment of 1 hour at 2580 F. The VH109 formulation tncor- 
porates hafnium and tantalum additions along with silicon as the majcr component. Thls coating is applied in a duplex 
process in  which two separate diffusion treatments at  2500 F are required. 



All of the Batch 1 coated specimens intended for cyclic exposure were subjected 
to coating-thickness measurements,  using the three techniques described ear l ie r ,  with 

. . the results shown in Table 15. 

TABLE 15. SUMMARY OF COATING-THICKNESS DATA FOR BATCH 1 COATINGS I ' I 
Average Coating Tnickness 

Dermitron Data lhermoelectric 
Initial Thick- No. of - Micrometer Data (Both Surfaces) Pro be 

Specimen Type 
- 

- 1 
ness, mils Specimens x, mils s, mil x. mils s, mil x, mils 

\ 

I 

i 1 Plasma 15.6 5 3.2 0.34 2.8 0.31 2.5 
I. Plasma 25.7 4 3.0 0.27 2.7 0.20 - - 

Tensile 15.2 14 3.2 0.36 3.3 0.22 2.5 

' I  Tensile 25.5 10 3. C 0.28 3.2 0.27 - - 
All of above - - 33 3.1 0.31 3.1 0.34 5 

R512E/C129Y : I 
Plasma 15.1 5 3.2 0.19 2.9 0.14 2.7 

I Plasma 26.1 4 3.1 0.22 2.9 0.29 - - 
Tensile 14.8 4 3.2 0.20 3.2 0.14 2.9 
Tensile 25.7 4 3.0 0.58 3.1 0.17 - - 
All of above -- 17 3.1 0.21 3.0 0.24 2.8 

VH109/Cb752 

Plasma 15.6 5 4.7 0.61 5.0 0.66 4.5 
... ; I Plasma 25.7 4 3.0 0.86 4.4 0.54 - - 
:i Tensile 15.2 4 3.6 0.39 4.3 0.40 4.5 

Tensile 25.5 4 9.5 0.24 4.2 0.41 - - 
All of above - - 17 4.2 0.76 4.5 0.59 4.5 

VH109/C129Y 

v. ;: ? Plasma 15.1 
5 4.1 0.25 5.3 0.32 5.2 
4 C.' 1- I Plasma 26.. 4.0 0.27 5.2 0.17 - - 

Tensile 14.8 14 3.3 0.24 4.9 0.36 .* 5.0 
t.. Tensile 25.7 10 3.2 0.20 4.9 0.24 - - 
.. . All of above - - 33 3.7 0.46 5.0 0.34 5.1 

r i  ... 1 :. . 
Excellent correlations were observed between the coating-thickness values on the 

R512~/Cb752 and R51ZE/C129Y specimens obtained by the pointed micrometer  and 
Dermitron techniques. 

The correlation between the values obtained by these techniques on the Vac Hyd 
coatings was lese satisfactory, especially on the C129Y substrate. Specifically, the 
Dermitron technique gave thickness values which were consistently higher than those 
indicated by the pointed micrometers.  These differences ranged from 0.3 to 0 . 7  mi l  
greater  for  the VH1091 Cb752 specimens and f rom 0 .8  to 1.7 mi ls  grea te r  for the 
VH109,'C129Y specimens. As noted ear l ier ,  this lack of agreement i s  believed to be a 
combined result of (1) the g rea t e r  surface roughness of the VH109 coating and (2) the 
variable microstructures  observed in the VHlO9-coated specimens which were used a s  
standards to calibrate the Dermitron equipment. 



As shown in Table 15, the thermoelectric-probe measurements  gave the poorest 
correlations among the coating thickness measurement techniqlles that were usea. 

Both the micrometer  and Dermitron measurement techniques showt. ,at the 
thickness variations for the R512E coatings were about the same io r  all allay sub- 
strates.  A l o ~ ,  the average R512E coating thickness on all substrates conformed very 
well to the nominal specified level of 3.0 mils. Greater  variances in the average thick- 
nesses of the VHlO9-coated specimens were observed, and the average coating thick- 
nesses on these specimens were  f rom 0.7 to 1.2 mi ls  grea te r  than the nominal speci- 
fied level. 

The results of Dermitron measurements on individual spccimens showed gene? - 
ally that, f o r  both coatings, coating uniformity a l ~ n g  one surface o r  f rom one side to the 
other of a given sample was within 0.3 mil. However, g rea te r  variations from sample 
to sample were  occasionally observed, especiil ly for  the VH109 coatings, Thls i s  evi- 
dent from the data  of Table 15 a s  well a s  f rom the comparisons below, which represent 
the extreme values obtained from individual specimens in cach of the coa.'ing systems 
evaluated. 

Measured Coating Values, mi l s  
R5 12E on VH109 on 

Coating- Thickness Property Cb75L C129Y Cb752 r 1 2 6  --- I 
Maximum variation on one 0.3 0.5 1.0 1.0 

side of a s?ecimen 

Maximum variation from one 0.8 0.7 1.3 1 . 1  
side to the other 

Thii~nest coating a rea  

Thickest coating a r e 2  

Coating-thickness estimates for the second batch of coated srecimens were de te r -  
mined, using the micrometer  technique, with the resul ts  shown below. 

Average Coating Thickness, m i l s / s ~ d e  
R5 12E/ Cb752 VH109/ C129 It5 1 'LEI ~ ~ 8 5  - 

Batch 1 3.1 0.31 3.7 0.46 - - - - 
Batch 2 3 . 6  0.27 4.0 0.49 3.7 0.23 

-. 
These resul ts  indicate that while coating-thickness uniformity was about the same for  
both Latches, the Batch 2 coatings were somewhat thicker than those in Batch 1. 

Physicid Response to Cycling 
. . 

Strtic Environment. Figure 27 shows the appearance of the eight intentionally - 
defected coated columbium specimens (Specim2ns S1 through S8) after one simulated 

I 
reentry cycle in the etatic environment which included a 15-minute exposure a t  2500 F. 
In all cases,  the specimens were suependei vertically f:-om the la rge  holes provided a t  



FIGURE 27. APPEARANCE O F  INTENTIONALLY DEFECTED COATED 
COLUMBIUM SPECIMENS AFTER ONE SIMULATED RE- 
ENTRY CYCLE IN STATIC ENVIRONMENT 

Nominal Tm,, of 2500 F, Runs Cb- 1 and Cb- 2 .  



one end. and ihe orientation of the intentional defects (which were spaced 3/1 mil  apart)  
from top to bottom along each specimen in the furnace hot zone was as  follows: 

Top - Type C, small  defect 
Center - Type A, through defect 
Bottom - Type R, large defect. 

Optirla: measurements at  the surfaces of each of the 24  defect sites showed that no 
measurable changes from the initial defect diameters  occurred a s  a result of the single 
static p r~ f i l i ng  exposure. . Iso. no noticeable oxidation products were observed on any 
of the exposed Cb752 o r  C129S substrate surfaces at  the defect sites.  

The results of one, three, and five cyclic exposures o i  fourteen R512E/Cb752 
specimens at 2350 F were virtually identical. Thus, none of the single, Tvpe C defects 
which were centrally located on these specimens (Specimens S9 through S22) showed any 
measurable change in diameter,  and no noticeable oxidation products were o b ~ e r v e d  at 
these sites. 

Dynamic Environment. As shown in Table 10, eight plasma-arc runs were con- 
ducted The f i r s t  two of these (Runs 8 and 9) consisted of single cyclic exposures at a 
nominal ~ r a k  exposure temperature of 2500 r". During both runs, unexpectedly rapid 
defect growth occurred at many of the coating's intentional-defect sites.  So much so, 
in fact, that the resulting damage was too great  to permit the use  of 2500 F a s  a nominal 
profilirig-temperature to a s se s s  the extert  of mechanical-property degradation with the 
s n ~ a l l  arc-test-specimen size adopted. Analyses of these data suggested that while 
2500 F was above a crit ical temperature for  rapid defect growth in the dynamic environ- 
ment, a nominal exposure temperature of 2350 F should be below rhis cr i t ical  tempera- 
ture. Accordingly, the third a rc  -un (Run 11) was car-ied out for  three cycles a t  
2356 F to coniirm this belief. When no visible evidence of specimen damage at defect 
s i tes  was observed unaer these conditions, the next four runs (R-xns 12 through 15) were 
carried out to provide specimens for postexposlire mechanical-property evaluations. 
The most recently completed run (Run 16) was intended to cvaluate the r t t e  of defect 
grow& in multicyclic exposures at  2500 F. 

The detailed results and discuss ion of these dynamic-exposure data  a r e  most con- 
veniently discussed in the chronological o rde r  in which they were  obtained. 

Critical-Temperature Definition. During the peak-te~noerature-exposure period 
of Run 8, both visual and photographic data indicated that significant damage occurred 
rapidly at  several of the intentionally defected coating sites.  Thus, the f i r s t  IR pl.oto- 
graph revealed that after 4 minutes' exposure the center defect on Specimen 8B (orlg- 
inally a Type A, through defect) was clearly visible. Also, during the sec .  .d pyrometer 
scan (carr ied out at 9 to 11 minutes after peak tern? . tures  were revealed), two of the 
small Type C defects in the forward positions on S-.- I &,ens 8B and 8 F  were clearly 
visible through the radiation pyrometer. These dclcct s i tes  a s  *?-ell a s  others  at the 
centers of Specimens 8B, 8E, and 8 F  were also clearly shown in the 12-minute IR 
photograph. 

The appearance oi  these specimens af ter  their  single simulated reentry profile 
cycle is shown in  Figure 28. Fo r  all of the Run 8 specimens, the defect orientations 
vere the Pame with respect to  a r c  flow, with the Tvpe C a+fect beiag placed forward, 





the Type A defect placed at the center,  and the Type B defect located to the r ea r ,  mos t  
downstream location. Comparisons of the exposed defect s i tes  with those of the unex- 
posed specimen in this figure show clearly that severe  d-unage has occurred a t  m o r e  
than half of the defect s i tes  as a result  of this  single cycle. For  example, the Type C 
small defects a t  8B-1.". and 85-1:: had grown into through holes over 1 /8  inch in  diam- 
eter .  Similarly, the original 40-mil-diameter through holes a t  8B-2, 8E-2, and 
8F-2 had bzen enlarged to diameters  in  the range of 100 to 140 mi ls .  

Run 9 was carr ied out using essentially the same a r c  conditions a s  those for  Run 8 
in o rde r  to verify the initiation and growth of gross  substrate  damage a t  intentionally 
defected coating s i tes  at a nominal peak exposure temperature of 2500 F. Two addi- 
tional features were designed into Run 9. These included the use of timeu-sequence 
photographs and a reversa l  of the o rde r  of defects with respect to the plasma-arc flow 
direction on two specimens (9D and 9E). A third additional, unintentional difference 
between these runs resulted from a power outage which prematurely terminated the 
peak-temperature-exposure period of Run 9 after about 11 minutes and which effectively 
quenched these specimens f rom their peak exposure temperatures.  

The resul ts  of the timed-sequence photographs were  quite revealing, particularly 
from the viewpoint of showing that visible damage at some of the defect s i tes  occurred 
almost a s  soon a s  the nominal peak exposure temperature of 2500 F was achieved. 
Thus, a s  illustrated in Figure 29a, within 20 seconds after reaching peak temperature,  
the presence of an effluent emanating f rom the Type B defect at the forward end o i  
Specimen 9E was clearly visible a s  flowing in the downstream direction to a point be- 
yond the center defect on this specimen. In fact, within the f i r s t  40 seconds, s imi la r  
effluent products were noted a t  o r  downstream f rom the following coating systemldefect 
locations: 

VH109/C129Y: 9B-1, 9B-2, 9E-1, and 9E-2 
R512E/ Cb752: 9D-1 
VH109/Cb752: 9F-1 . 

Further ,  most of the smal l  Type C defects  located at these forward locations had either 
grown to a visible spot o r  were discharging an effluent product within a period of 6 min- 
utes  af ter  peak temperatures had been achieved. Also, noticeable and measurable  defect 
growth occurred at most;t* of these locations a s  the exposure continued. The apparent 
diameters  of these defects were measured from the photographs and plotted a s  a function 
of exposure time. Representative resul ts  a r e  shown in Figure 30. The final "apparent 
defect diameters" indicated on Figure 30 were in excellent agreement with the values 
determined by optical methods on the surface of these samples  at  the conclusion of the 
run. The appearance of these specimens after Run 9 i s  shown in Figure 31. 

The reduction of temperature data from thermocouples, radiation pyrometry, and 
IR photography suggested that rapid flaw growth was related to specific temperatures in 
the locale of the flaw. These temperatures  a r e  given in Table 16 along with the growth 

With this nomenclature. the first number designates the run number and the letter shows specimen psition on the model. The 
last numki  shows defect poslt~on on the specimen, with 1 designating the upstream site. 2 designating the center site. and 
3 designating the most downstream site. 

-Ttat is, at a11 front and center locations ucep tbosc at Sixes 9F-1 and 9F3  which were obscured by an effluent product within 
2 minutes at -peak temperature. 

BATTlELL. - C O L U M B U S  





Front 

Tim ot Peak Temperature, minutes 

.- 

Time at Peak Tempemture, minutes 

FIGURE 3C APPARENT GROWTH RATES OF DEFECTS b,  nu, y 

SPECIMENS AS A FUNCTION OF TIME AT PEAK 
TEMPERATURE 

Data taken from timed-sequence photographe. 
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TABLE 16. SUMMARY OF FLAW GROWTH AND CONTAMINATION PFHAVIOR OF INTENTIONALLY 
DEFECT5 COATED COLUMBIUM SPECIMENS IN RUNS 8 AND 9 

Estimated Contamina - KHN at 

System 
Flaw Defect Local Tern- Ciarnetral Flaw Growrh tion ~ e ~ t h ( ~ ) ,  2-Mil 

~ ~ ~ e ( ~ )  No. perature. F Mils ~ i l s / ~ i n @ )  mils Depth 

(a) S, L, and T designate small. large, and through defect types, respectively. 
(b) Parenther values are actual measurements from time-lapse photograph. 
(c) Depth below oxide/substrate interface to base k, dries plus 50 KHN. 



- 
rates  determined f o r  the individual defect sites.  Note that in a few cases ,  the actual 

; I flaw-growth ra tes  measured f rom the time-lapse photographs a r e  significantly greater  
than the nominal values calculated from the "before and af ter"  measurements.  This was 

C .. related to an incubation period prior to r;ipid flaw growth in these cases ,  e. g . ,  see  
curve for 9A-Front defect in Figure 30. 

Figure 32 presents a graphical correlation of time-temperature:flaw-growth rates  
a s  determined from the Runs 8 and 9 data. These data show that at  local temperatures  
below 2470 F, no rapid flaw growth occurs.  F rom 24-tO F through 2510 P, mixed results 
a r e  indicated, with about half of the flaws growing very rapidly (8 to 22 mils/min) ,  

: j  . I about one-quarter growing at intermediate ra tes  ( 2  to 4 mi ls lmin) ,  and the balance 
growing much more  slowly (0.2 to 1 mil/min).  At t en~pe ra tu re s  above 2510 F, flaw 
growth i s  consistently rapid but with no logical'indication of growth-rate dependence 
on temperature. 

5 

Temperature, F 

FIGURE 32. CORRELATION BETWEEN DYNAMIC-EXPOSURE 
TEMPERATURE AND FLAW-GROWTH RATE 

As noted ear l ie r ,  Run 16 was intended to study flaw growth under multicyclic pro- 
filing at a nominal peak exposure temperature of 2500 F. Unfortunately, as shown by 
the temperature data for these specimens in Table A-18, during this run average local 
defect temperatures did not exceed 2470 F except f o r  two specimens, 16A and 16E. In 
neither of these cases  did any visibly apparent diametral  defect growth occur. The only 
measurabl defect growth which occurred during Run I t  (in specimens examined metal- 
lographically to date) took plece on Specimens 16B and 16F where the initial 4-mil- 
diameter,  small  flaws grew to 8 and 28 mils  in diameter ,  respectively. Fo r  reference 
purposes, the coating systems and defect temperatures  on these four Run 16 specirness 
a r e  reproduced below. 



Metallographic ally - - 
Coating Estimated Temperature Measured Defect 
System Specimen Cycle 1 Cycle 2 Cycle 3 ~ i a i n e t e r ( ~ ) ,  mils  

R5 12E/ Cb752 16A 2500 2460 2470 4 
R512E/ Cb75Z 1 bB 2470 2420 2420 8 
R512E/ FS85 16E 2510 2470 2510 No data yet 
VH109/ C129Y 16F 2470 2460 2450 2 8 

(a! Initial diameter - 4 mils. 

This behavior of the R512ElCb752 and VH109/Ci29Y Run 16 specimens i s  in reasonable 
agreement with the Run 8 and Run 9 data fo r  these coating systems.  However, the fact 
that no defect growth occurred ir: the fefected R512E/FS85 Run 16E specimen even 
though this mater ial  was exposed to two 2510 F cycles suggests that this coating sub - 
s t ra te  system may be somewhat m o r e  resis tant  to  rapid defect growth than a r e  tSe others.  

Inspection of the data of Table 16 suggests that flaw type is of no significance to 
flaw-growth rates.  Flaw location, either t ransverse  o r  axial to the plasma flow, is 
important only a s  it affects local temperature.  

From this analysis, the obvious conclusion i s  that under dynamic, hypersonic- 
shear  environmental conditions a cr i t ical  temperature exists below which flaw growth 
i s  slow and well behaved, and several  cycles a r e  required to cause significant flaw 
growth. Above this cr i t ical  temperature,  flaws grow rapidly, such that holes a s  la rge  
a s  118 to 114 inch in diameter might be expected in a s  few a s  one reentry. Coupling 
the data depicted in Figure 32 with a reasonable uncertainty of local temperature de- 
termination on the o rde r  of *DO F, it appears  that the cr i t ical  temperature l ies  within 
the range 2420 F to 2560 F, the most  probable being 2490 F fo r  the X512ElCb752 and 
VH109/ C129Y systems. 

Emittance. As described ear l ie r ,  reduction of thermocouple, scanning pyrometry, 
and IR photography data  from dynamic a r c  exposures allowed estimates of emittance 
ranges for  the various systems. Despite apprtciable  scat ter  in the data, most  cor re la -  
tions suggested the following emittance values: 

Estimated Normal Spectral 
Emittance a t  ~ o m i n a l i v  2300 F 

System 
R512ElCb752 

- --- 

A p p r o ~ .  Range Nominal 
0.65 to 0.75 .73  

No trends towards higher o r  lower emittance values with expoRure t ime were  observed in 
any of the rune which included up to  five simulated rzentry cycle s. Because of limited 
numbers of cycles, and appreciable differences i n  temperatures  within and between runs, 
the reader  is cautioned against treating those data out of context. 

Ineulation Wash. When dismantling the models af ter  dynamic exposure, limited 
observations were  made concerning effects on the backup zirconia iqsulation. In Runs 8 
and 9, under a r eas  where r ~ p i d  defect growth had occurred,  there was evidence of mild 
reaction between the insulation and back-side effluent f rom the defect site. In these 



areas ,  the insulation was hard and rigid, and had a glazed appearance, suggesting per -  
haps eutectic melting between the zirconia an1 (basically) CbZ05. The worst a r e a  ob- 
served had eroded to a depth of about 1/16 inch. No attack of the insulation was apparent 
in any other run. 

Subcritical Profding. Optical measurements  were made at the intentionally de- 
fected s i tes  on the 30 specimens which had been subjected to subcrit ical profiling at 
2350 F for  one to five cycles ( s ee  Table 10). These showed that no measurable changes 
had occurred in the dimensions of these defects a s  viewed externally. As described 
la ter ,  metallographic sections were prepared through some of the defect s i tes  repre-  
sented in these runs, e. g . ,  the specimens f rom Run 11. This showed that some sub- 
s t ra te  recession had occurred underneath the coatings of a few specimens at the defect 
site, but the maximum extent of this recession was of the o r d e r  of L mils after three to 
five cyclic exposures. 

Metallography 

Defect Growth. Representative microstructures  at  two coating-defect sites which 
had been e:,posed under subcritical conditions fo r  one dynamic profiling cycle a r e  shown 
in Figure 33. Under these conditions, a porous "fluffy" oxide (typical of Cb205) was 
formed over  the exposed substrate  alloy. "Nongrowing" defects f rom Runs 8, 9, and 
16, with a nominal maximum temperature of 2500 F, typically grew a t  an assumed* 
linear rate  f rom 0. 1 to 2 mils/minute. Other runs, with a nominal maximum tempera- 
tu re  of 2350 F, exhibited defect-growth rates  of l e s s  than @. 1 millminute,  and quite 
frequently l e s s  than 0.01 millminute.  Detailed data a r e  cantained in the appendix, 
Table A-22. 

Representative microstructures  at  three coating defect s i tes  which had been ex- 
posed under cr i t ical  conditions for  one dynamic profiling cycle a r e  shown in Figure 34. 
Here, the oxidation product assumed the form of a dense, glassy oxide containing en- 
trapped gas pockets. In the nominally cycled Run 8 specimens, the color of the glassy 
product changed f rom yellow on the exter ior  surface to a da rk  blue-black near  the oxide/ 
metal interface. In the rapidly cooled Run 9 samples,  the glassy oxidation product con- 
sisted entirely of the blue-black mater ial  which was tentatively identified a s  a high- 
temperature allotropic modification of Cb205. The rapid cooling of the Run 9 speci- 
mens also resulted in the entrainment of l a rge r  gas  pockcts, a s  shown by a comparison 
of Figures  34b and 34c. 

..is illustrated in Figure 34, the growth of the defects under cr i t ical  exposure con- 
ditions i s  primarily the result  of severe oxidation consumption of the Cb752 and C129Y 
substrate  alloys. This resul ts  in undercutting the R512E o r  VH109 coatings, neither of 
which appeared to be appreciably degraded during the dynamic exposures. F o r  neither 
the subcritically nor critically exposed specimen defect s i tes  did there appear to be any 
fluxing of the coating by the oxidation products evolved. 

These observations suggest that the supercrit ical growth r a t e s  a r e  associated with 
classical  "catastrophic" oxidation involving transport through the molten snLstrate c x ~ d e .  
In general,  f o r  columbium alloys under high m a s s  flow of a i r ,  coincidence c f  cata- 
strophic oxidation and autoignition processes  is often tacitly assumed. In ;n.: p r e c ~  :t 
studies, although flaw-growth ra tes  were  yapid, they were not of the almos: exr;osive 

armrnprion ncglectr the ~ J i b l l i t y  of a dgniflant incubation period. See p. 71. 
D A T T R L L e  - C O L U M I U .  



a. Defect  8 8 - 3  on R512ZICb752; Initially 
41 Mils  in Diameter by 4 Mils  Deep 

Bright Fie ld  

b. Defect 8E-3 on VH1091C125Y; Initially 
41 Mi l s  in Diameter by 5 . 5  Mi l s  Deep 

FIGURE 33. LONGITUDINAL SECTIONS THROUGH COATING-DEFECT 
SITES ON SPECIMENS AFTER ONE DYNAMIC REF-VTRY 
PROFILING CYCLE 



40 X Polar ized Lig1.t 5F022 

a. Defect 8D-1 on VH1091Cb752; Initially 
4.7 Mils  in Diameter  by 5.5 Mils  Deeo 

30X Bright Field 5F025 

b. Defect  8E-1 on VH109/ Cl29Y; Initially 

Polar ized Light 

c. Defect 9B-2 on VH109lC129Y; Initially 
39-Mil-Diameter Through-Hole 

FIGURE 34. LONGITUDINAL SECTIONS THROUGH COATING - DEFECT 
SITES ON SPECIMENS AFTER ONE DYNAMIC REENTRY 
PROFILING CYCLE 

Arc flow direct ion was f r o m  left to right. 
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rapidity associated with autoignition. * The precipitous increase in flaw-growth rate  
noted at about 2490 F under dynamic conditions, corlpled with metallographic observa- 
tions, indicates that catastrophic oxidation i s  occurring. If tkrs i s  t rue,  then the p re s -  
ence of a coating on major  surfaces coupled with th- heat-sink capacity for the low 
surface-to-volume ratio (oxidizing surface)  represented by a hole edge in thin sheet has 
a net thermal attenuation effect that resul ts  in quenching the expected autoignition 
reaction. 

Defect Contamination Rates. Metallographic evaluation of the extent of contamirla- 
tion was judged by visual observation and by the resul ts  of Knoop hardness t raverses .  
Specimens exposed to one dynamic cycle in Runs 8 and 9 where temperatures were sub- 
crit ical and growth was limited to at  -nost a few mils ,  and three dynamic cycles in 
Run 11 were included. Detailed resul ts  a r e  given in the appendix, Table A-22. Not 
included in this but included in the analysis presented here  (s2ecific data a r e  presented 
la ter  in this report)  a r e  resul ts  of s imilar  analyses for exposed and room-temperature 
tensile-tested specimens f rom Run, 12, 13, 14, 2 ~ d  16. 

Figure 35 il lustrates general contamination features  usually observed in the re -  
spective substrates.  Cb752 showed severe contamination throughout the contamination 
zone bounded by the dense precipitate ring, a s  judged both visibly and by hardness t ra -  
verse.  C129Y similarly displzyec! severe contamination (KHN >300) in the a r ea  k u n d e d  
by the precipitate ring, and additionally showei a low-level contamination zone a few 
mils thick characterized by hardnesses  f rom 220 to 300 KHN. In this a rea ,  grain 
boundaries etched more  heavily than the uncontaminated parent metal. FS85 usually 
failed to show a precipitate ring. Severe contamination was delineated by staining when 
etched with HNO3: HF: acetic acid (1: 1: 1 proportions of reagent acids, about 1 -second 
dip). Beyond the stained, severe contamination ring wa8 a very broad region where, in 
direct contrast  with C129Y, very light grain-boundary etching was the rule. The uncon- 
taminated base metal showed grea te r  propensity to etch at grain boundaries (extreme 
lower corners  in Figure 35). These general features  were observed for  a l l  defect types. 

Table 17 presents  a summary of the contamination analysis. The mean contami- 
nation rates  have been riormalized to the estimated 2400 F value by using an Arrhenius 
adjustment, assuming 28 kcal /mole as  the activation energy for the contamination reac-  
tion. ** For  all substrates ,  the greatest  contamination r a t e s  were  associated with 
through-hole, Type A, defects. Type B, 40-mil coating defects were  somewhat l e s s  
severe in their contamination eficcts, and the snlall Type C defects were s t i l l  apprecia- 
bly less .  F o r  Cb752 Types A and B defects and for  C129Y Type B defects, data fore  one 
and three dynamic exposures h o w  the expected parabolic cantamination kinetics (i. e . ,  
parabolic r a t e s  for  one and tnree  cycles a r e  equal). The Type C defects for  both t ,b- 
s t rz tes  and Typs A defects for C129Y do not resul t  i n  parabolic contamination kinetics, 
a s  indicated by a dignificant dec-ease in  contamination ra te  a s  the number of expsoure 
cycles inc r ea se  s. Altholrgh data ~eproducibi l i ty  ( standard-deviation values) is generally 
quite good, Lata analysis doe 1 r o t  yet suggebt for  the mater ial ldefect  combinatione in  
question ar.y ~ i n g l e  kinetics law. It  may be in these cases  (C129-i Type A defects and 
both Type C defects) that the contamination-rate-controlling mechanism i s  changing 
f rom one through five cycles. Obviously, m o r e  extended testing is reqnired to  resolve 
contamination/degradation kinetics for sma'l defects. - 
'Clark. J .  W . ,  "me Ignition of Columbium and Selected Alloys", Columbium Metallurgy, Intenclence Publishers, New Yak. 

New York (1961), pp 615-647. 
%e 28 kcal/mcrle value represents the raivarion enugy for the dlffwlon of oxygen in columbium alloys based on the work of 

W. D. Klnpp et r l .  "Studiu on the Oxidation and Contrmination ReLstance of Binary Columbium Alloys". Trans. ASM, 51. 
pp 256-281, 1959. 
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lOOX a. Cpecimen 11B - Cb752 6F484 

lOOX b. Specimen ' 1 C - C! ?9Y 6F483 

1 OOX c. Specimen 1 1  A - FS85 6F485 

FIGURE 35. C~NTAMIXVATIC.., I ASSOCIATED WITH SMALL, TYPE C 
DEFECTS PRO3-JCED IN THREE DYNAMIC CYCLES AT 
2350 F NOMINAL MAXIMUM TZMPERATURE (RUN 11 j 



TABLE 1 i. SITAUMARY OF RESULTS OF rh3NTAMINATIOX-ZONE :rZEASORE- 
MENTS OH "YNAFAIC EXY3LGT,ES, RUNS 8, 9, 11 

Contarnina:ion Rate. 
Adjusted to 2400 F, Pooled Values for  

Defect No. of - mil21 min - Group, mi12/min 
Substrate ~ y p e (  a) Cycles h.4eGn Std. Dev. Mean Std. Dev. 

Cb752 A 1 2s. 4 3 . 0  

- 
a = 40-mil coating d z f e c  - 
C = 4-mil coating defect. 

tbl Includes dam fro.? tensile-tert specima.  

Also apparent f rom the data is that for  all defect types. FS85 is the leas t  re -  
sirtan.; to coltamination (only severe contaminatior fo r  FS85 i s  used in tkis analysis - 
see  section on Tensile-Test Results), followed by Cb752, with Cl29Y displaying the 
best resistance to rontamina+..on. 

Sperimens that were  defected and then exposed to s tat ic  profiling were also e x a  
ined m e t d i o g r a p k i ~ a f  to a s se s s  their contamination behavior. Surprisingly, these 
showed mvch l e s s  severe ccnramination than did L o s e  exposed to dynamic cjcling. 
Tahle 13 gives some r ts- l l ts  for specimens examincd af ter  one s tat ic  cycle. Aside 
f row showing li t t le contamination, the resu l t s  allow no consistext analysis o; sub- 
*trate  o r  defect type, t'tnough Cb752 may be inferred to be more  contamination proof 
.han Cl291. (Additionli data  given in the appendix, Table A-23, for  up to five static- 
i l ly cyclei  tansilt  apecirnms confinned the l e s s e r  contamii.-tion in static v e r s l s  
dynamic cycling. ) 

Ti- 

Data a r e  not ye, a w l a b l e  to  explain the differ mces between static- and dynunic-  
cycling cont-.mination results although temperah .  : and p re s sv re  his tor ies  were  similaa- 
i s  t - th exposure modus. The other p o s ~ i b l e  variables a r e  en+-omnent chemistry and 
d g - u i i c r .  These wiL be iuvestigared in  future studies. 
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Crack-Contamina'ior? Observations. In general,  no visual o r  metallographic evi- 
dence of g ros s  caating oxidation fai lure  was observed a t  s i tes  away from the intentional 
coating defects in  any of the specimens which were cycled for up to  5 exposures in either 
the dynamic o r  static environments. * On the other hand, detailed examination of speci- 
men  crosk sections a t  locations removed f r o m  intentiot-al-defect s i tes  revealed frequent, 
but mild, substrate  contamination associated with the presence of cracks in the coatings 
of the type illustrated in  Figures  36 and 37. Those sections which showed such evidence 
of crack-associated contamination did s o  with a frequency on the o rde r  of 10 to 20 con- 
taminated s i tes  per  inch. In such rases .  the contamiration depth was on the o rde r  of 
0 .2 to 0.4 mi l  a f te r  one cycle ar - 2 to 3 m i l s  afi. - three cycles.  Kot all c ross  sections 
of .he s ame  specimens showed crack  contamination, attesting to  the sensitivity to 
thermal-profiling details. Howeva:, sufficient observations of this  behavior were made 
to flag this as a potential problem. One specimen (S6, VH109-coated Zb752, 25 mil s  
thickj a l so  showed severe edge contamination to  a depth of 3 to  4 mi l s  without obvious 
oxidation scaling of the substrate. Figure 38  shows this  obvious prefailure site. 

KHX = 525 (Contaminat d )  

KHN = 189 

KHN = 189 

FIGURE 36. CRACK-ASSOCLATED CONTAMINATION IN VH109/ C129Y 
SPECIMEN AS A RESULT OF ONE STATIC SLqULATEP 
2500 F REENTRY CYCLE EXPOSURE 

Ncte Knoop h i rdness  readings taken esing 5-gram load. 

Analysis o t  crack-contamination frequency f o r  single-cycled specinlens showed 
correlation between crack-ontt-;nation behavior and coolillg rate. Crack co2tamina- 
tion was o b s e r v d  more  frequc under s t  .tic-cycling conditions than under dynamic- 
cycling conditions. Ramp cooling under static conditions i s  somewhat slower than that 
under dynamic conditions. ru r the r ,  in Run 9, a lightning-strike-initiated power outage 
resulted in quenching of the specimens as previously described. Correlations of cool- 
ing ra te  with frequency of observed crack  oxidation a r e  summarized below: 

%e single exaption to thb was the rapid growtb of an edge ddta in RS12E/Cb'752 S w i m e n  9D. Sce Figurr 31. 

BATTCLLIE  - C O L U M B U S  



5OOX a. Specimen 11C - C129Y 6F482 

250X b. Specimen 11A -FS85 6F486 

FIGURE 37. CRACK CONTAMINATION IN C129Y AND FS85 AFTER 
THREE DYNAMIC EXPOSURE CYCLES (RUN 1 1) 



Test 

Static 

Nominal No. of NO. of Sections 
Cooling Sections Showing Crack 

Rate, F / sec  Examined Contamicat ion 

Dynamic - normal 4-5 

14 5 positive + several 
other possibles 

18 2 positive + several 
other possibles 

Dynamic - quench - 60 15 0 (nc indications) 

Thi, correlation indicates a probability that system sensitivity to the occurrence oi  
crack contamination depends strongly upon the thermal profile. The sensitivity of 
coated columbium to step-down o r  slow-cycle oxidation testing has long been recognized. 
For Shuttle, the case of sustained lower temperature thermal loading during maneuver- 
ing following peak reentry heating may represent a major chdlenge. 

As shown in Figures 36 and 37, crack contamination was barely noticeable after 
one cycle, but was appreciably more  obvious after three cycles. Thus, it is  suggested 
that this is  not merely a transient phenomenon, out may comprise a dominant faiiure 
mode. In specimens from Run 11, both C129Y and FS85 showed frequent crack-oxidation 
signatures. Detailed examination of Cb752 showed only one a r e a  in one of six sections 
examined where crack oxidation occurred. It is  suggested that both coating and sub- 
strate, probablb via thermal-expansion mismatch, a r e  important to this phenomenon. 
Ncne of the tensile specimens from Runs 12, 13, 14, and 16 showed evidence of crack 
c ,ntarnination. Rather than suggesting that crack contamination was absent in  the ten- 
sile specimens, it is moze liekly that tennile straining introduces stored energy that 
affects the etching response of the alloys and obscures the rather sensitive response ta 
etching. 

250X 5F748 

FIGURE 38. GROSS EDGE CONTAMINATION IN 56 (VH109/Cb752) AF'TER 
ONE STATIC 2500 F SIMULATED REENTRY CYCLE 

U A T T m L L t  - C O L U M B U S  
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Considering the frequency of observation of crack contamination, particularly in 

I stat~cally cycled specimens and in C129Y substrates, in only one o r  three cycles, prop- 
erty degrad-t:on attribu!able to this might be expected in relatively few cycles. How- 
ever, in results from the NAS 8-26325 program at Battelle involving tensile tests a f ter  
5, 10, and 30 static cycles, only 1 out of 30 specimens tested at room temperature after  

..a I exposure showed embrittlement. Pending further metallographic evaluation oC these 
specimens, it appears that t3e mild degree of contamination resulting from crack con- 

- 1 tarnination a s  illustrated in Figure 37 i s  not degrading to tensile properties at room 
-. temperature. 
... 

' I  I-- Tensile Properties 

.'. 1 Tensile properties daterminee a t  room temperature and test observations a r e  
B detailed in Table A-24 in the appendix. 

5 [ Tensile tests  and short-time creep tests  a t  elevated temperature a r e  in progress. 
At this writing, dota a r e  too limited to provide useful analysis, and presentation and .. 

. I  discussion of results a r e  necessarily deferred to later  reporting periods. A particu- 
larly troublesome aspect of elevated-temperature tests  is that heat-up and soak times 
prior to testing must be very short to provide meaningful analysis of defect contamina- 
tion effects. 

. I 
In the room temperature tests,  the R512EICb752 system received most emphasis 

I i n  the f irs t  year 's  effort, with VHlOS/C129Y and R512EIFSaS receiving lesser ernpha- 
sis. Because of some differences, results a r e  presented according to system in the 
following discus sion. 

..-. [ 
? 

Cb752. Table 19 summarizes the significant finaings ccrrcerning room- 

! [ temperature tensile properties for the R512EICb752 system. Neither yield nor ulti- 
r- 
,- mate tensile strengths showed variations that could be attributed to any of the variables 

' I 
examined, which were: 

3 Substrate thickness 
P 

1 a Gage width of specimen . =. ._. a Specimen machir.ing/coating sequence 

2 1 a Static o r  dynamic exposure of defected o r  * +- ' undefected specimens for up tc  five zycles. 

$ 1  consequently, dl strength 9alues were treated a s  a single staristical group to ar r ive  a t  
2 ' 9 standard deviatior. values of 1.9 kai for  both yield and ultimate strengths. This re-  

spectabb low valuc ior  stanc .rd deviation signifies that the a rea  compensation method 
2' :I .)- I and coating and substrate thicknesses were reliable and reproducible to a high degree. 

r. 
Also implicit is that exposure-induced substrate contamination at defect sites within the 

:I' 1 limits explcred is  not weakening. Coupled with ductility analysis, it is  further implied 

.- that defect contamination is  either dirertly strengtheniag at room temperature o r  in- . - creases the strain-hardening exponent relative to uncontaminated Cb752. In only one t 

' ;  1 case (Specimen 14A, Table A-24) did the decreased ductility associated with defect 
.-. contamination appear to have a modest effect towards decreased ultimate strength. 

: 1 
' k  , &- DATTRLL .  - C O L U M l U I  
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TABLE 19. SUMMARY OF ROOM-TEMPERAT URE TENSILE 
PROPERTIES FOR Cb752 -BASE SYSTEM 

Yield Strength 
Mean - 65.0 ksi 
Std. Dev. (s)  - 1.9 ksi 

Ultimate Strength 
Mean - 85.0 ksi 
Std. Dev. (s)  - 1.9 ksi 

No significant trends in strength with coating nor exposure. 

Elonnation and Fracture Analysis 

Elongation, Fracture 
% ~ocation(") 

Bare, As- Received Sheet (Std. Spec. ) 
15-ML~ Thickness 
25 -M 11 Thickness 

As-Coat, d With R512E 
Machined, Then Coated (StL Spec. ) 

15-Mil Thickness 
25-Mil Thickness 

Coated, Then Machined 
! 5-Mil Thickness (Std. Spec. ) 
25-Mil Thickness 

Std. Spec. 
Wide Spec. 

Defected and Exposed (25-Mil Thickness) 
Subcritical Dynbnic Exposures 

1 Cycle (Std. Spec. ) 
3 Cycles 

Std. Spec. 
Wide Spec. (Single) 

5 Cycles 
Defected (Std., Wide Spec. ) 
Undefected (Single, Std. Spec. ) 

Static Exposures 
1 Cycle (Std. Spec. ) 
3 Cycles (Std. , Wide Spec. 1 
5 Cyclea (Std., Wide Spec. ) 

- 
(a) In ckkted specJIIICn6. A = away fiDm Defect, D = at d e k a .  



The elongation and f rac ture  analysis summarized in Table 19 shows se.. era1 sig- 
nificant features. The 15-mil-thick material ,  in both the as-received and coated con- 
ditions, displayed elongation values roughly two-thirds to three-fourths t imes the values 
for  the 25-mil-thick material. P r io r  observations in "acceptance certificaticin" of the 
mater ial  did not show this for  a different tensile-specimen geometry. This effect i s  
in the direction predicted t y  classical treatment of ~ ~ 1 ~ -  L - ~  effects*, but the difference 
i s  somewhat greater  than mignt be expected. As shown in Table A-24, the 15-mil-thick 
mater ial  never displayed a yield drop, whereas the thicker mater ial  usually did. This 
suggests some mater ial  difference (perhaps stretchei- leveling of the thinner mater ial  
af ter  the final anneal) between the two gages, which may have contributed to the slightly 
greater-than-expected difference in elongation. Application of the RSl2E coating 
effected an approxim- tely 25 to 40 percent decrease  in tensile elongation. 

Exposure of defected specimens to one subcrit ical dynamic cycle had no effect on 
tensile elongation. Duplicate specimens failed at  locations away f rom the defect site. 
After three dynamic cycles, two of three specimens (one standard and one wide speci- 
men) failed at  the defect s i te  with a consequent additional 40 percent loss  in tensile 
elongation. However, substantial ductility remained, and af ter  "pop-in" of b ~ i t t l e  f rac-  
tu re  (after yieldicg) in the contaminated region surrounding the defect, failure prog- 
ressed slowly in a predominantly biaxial shear  mode. Thus, briktle f racture that ini- 
tiated in the contamination zone did not propagate by cleavage through the surrounding 
uncontam'..ated substrate. The third defected specimen (standard gage width) that was 
exposed to three dynarr-ic cycles failed at a location reriloved f rom the defect. 

3ne undefected specimen exposed to five subcrit icai dynamic cycles showed no 
effects of exposure on elongation. Two defected specimens (one standard and one wide) 
exposed for  five cycles failed a t  the defect s i te  with cor.sequent reduced ductility. 
Failure m o l e  appearc3 virtually identical to that observed fo r  three-cycle-exposed 
specimens. On the basis of tensile properties,  five dynamic-exposure cycles appeared 
to be no more  degrading to defected R512E/Cb752 specimens than were three cycles. 
This was mildly surprising. 

Of the six defected specimens exposed fo r  up to five s t a t ~ c  cycles, none showed - 
any indication of degraded ductility a s  a result  of exposure. All  failed at  s i tes  away 
f rom the defects. Elongations were comparable to those dhplayed by coated but unex- 
posed specimens. This result  suggests that the extent o r  level  of contamination under 
Battelle's static-cycling conditions was zppreciably l e s s  than experienced in the 
dynamic-cycling expobures. 

C129Y. Room-temperature tenslle tes t  resul ts  fo r  the VHl09/C129Y system a r e  - 
summarized in Table 20. In contrast with observations on R512E/Cb752, individual 
strength data ( see  Table A-24) appeared to align in dkree "groups" -uncoated, a s -  
coated, and exposed - and data  were  grouped accordingly fo r  analysis. Even with this 
selective grouping, standard deviations of strength were  appreciably grea te r  for the 
VH109/C129Y system titan those derived for the more  homogeneous values of the R512E/ 
Cb752 system. This variability appears to be related to the coating rather  than to the 
substrate, in agreement with coating-thickness analyois presented ear l ier .  (This ob- 
servation i s  also in agreement with the statistically "stronger" comparison between 
R512EICb752 and VH1091C129Y systems under investigation on Contract NAS 8-26325. 
Data f rom the Fourth Quarterly Progress  Report of that contract a r e  given in Table 21 
for  cornpariron. 1 
*Kulr, E. B.. a d  fibby, N. H.. "Ebpdoa in Sbeet Tensloo SpaciInaS". Matctirls Rek?arcb and Sunhrdr.  E, 631 (1~.>1). 
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TABLE 20. SUMMARY OF ROOM-TEMPERATURE TENSILE 
PROPERTIES FOR C129Y-BASE SYSTEM 

Strength Summary - 
Yield Ultimate 

Strength, ksi  Strength, ks i  
Condition Me an - S - Me an - s - 

As-Received Substrate 70.7 0.46 89. 1 0.49 
As- Coated With VH109 75.5 3.60 98.4 5. 71 
Defected and Exposed, Three 69.8 3.27 96. 6 2.57 

Subcrit. Dynamic Cycles 

Elongation and Frac ture  Analysis 

Condition 

Bare, As-Received Sheet (Std. Spec. ) 
15-Mil Thickness 
25-Mil Thickness 

As-Coated 1Y:';th VH109 
Machined, Then Coated (25-Mil Thick- 

ness,  Std. Spec.) 
Coated, Then Machined 

15-Mil Thickness (Std. Spec. ) 
25-Mil Thickness 

Std. Spec. 
Wide Spec. 

Defected, Exposed to Three Subcrit. 
Plasma Cycles 

Std. Spec. (25-Mil Thickness) 
Wide Spec. (25-Mil Thickness) 

Elongation, 
% 

E racture 
~ o c a t i o n ( a )  -- 

(a) In defected rpccimau, A = awry from defect. D = at defect. 
(b) This value asadand wifh defect oxfdatiotl p w t h  to 14-mil radius. 



TABLE 21. STATISTICAL ANALYSES O F  ROOM-TEMPERATbR3' 
TZNSILE PROPERTIES FOR C 129 Y lVH109 AND 
CB752/R512E AS DETERMINED ON CONTRACT 
NAS 8-26325 

AlloyIGoating Ultlmate 
System an6 Yield ksi ksi Elongation, % - - - 
Exposure n x s x s x 

Cb752/R512E 
As-Coated 20 63.87 1.459 82.08 3.194 17.3 

C129YlVH109 
After 5 
T I P  Cycles 5 72.35 2.338 87.89 2. 779 17. 0 

~b7521R512E 
After 5 
T I P  Cycles 5 66.58 2.059 77.05 1.281 18. 2 

C129Y lVH109 
After 10 
T I P  Cycle8 5 70.79 2.651 85.71 3.384 16. 2 

Cb752lR512E 
After 10 
T I P  Cycles 5 65.78 0.411 76.98 0.262 16. 2 

(a) Strength valuer c8:culrted OII bad$ of urnacted rubsfate dimensionr after coating. 



From statistical analysis of the strength data as  grouped in Table 20, it was con- 
c!uded that there ? r e  diff:rences among the mean yield and ultimate strengths a t  the 
95 percent level of significance. It appears that coating application increases  both yield 
and ultimate strengths. The most likely physical rationale for this behavior l ies  in 
mechanical interac-ion between coating and substrate.  :+ Upon exposure, yield strength 
appeared to decreasa to about the bare substrate value, but ultimate strength remained 
close to the as-coated value. Attempts to rationalize this in te rms  of mechanical inter- 
action would be very tenuous a t  present,  and unjustified on the basis of current  knowl- 
edge. The observation df different behavior of yield and ultimate strengths upon expo- 
sure suggests that the methods used to estimate the amount of residual substrate upon 
which strength calculations a r e  based a r e  valid, and most likely do not contribute sub- 
s tantially to the observed strength variations. 

As with the R512EI Cb752 system, nominal 15-mil-thick C129Y possessed some- 
what l e s s  ductility than nominal 25 -mil-thick mater ial  in both coated and uncoated 
conditions. The differential was generally in line with expectations based on A I / ~ .  L'' 
empiricism. Both substrate  thicknesses showed y ield-drop behavior (although incon- 
sistently in the coated condition). Application of the coating decreased elongation to 
about the same extent a s  noted for  R512ElCb752. 

Four specimens that were defe-ted and then exposed tc three dynamic cycles all 
failed at the defect. One of these was cycled under apparently marginally cr i t ical  con- 
ditions, a s  defect growth to a 14-mil radius in the three-cycle exposure was apparent 
from fractographic observations. This specimen exhibited only 4 percent tensile elon- 
gation even though the f rac ture  was predominantly ductile. Apparently, virtually al l  
elongation was heterogeneous and confined to the defect locale. The other three speci- 
mens failed with relatively large values of elongation, suggesting somewhat g rea t e r  
resistance to degradation in the presence of a coating defect f o r  C129Y as  compared 
with Cb752. This i s  a s  might be expected f rom the previously described contamination 
kinetics of the two mater ials .  

As was observed with the Cb752 substrate,  brit t le f racture "pop-in" did not prop- 
agate into the surrounding unco~~taminated substrate mater ial .  

FS85. Limited observations on the R512ElFS85 system's te..sile properties a r e  - 
summarized in Table 22. As with the ~ 5 1 2 E / ~ b 7 5 2  system, strength values were not 
influenced by coating application o r  by exposure of defected coated specimens. Standard 
deviations of strengths wore very s imilar  to thcee exhibited by the R512EICb752 system, 
which indicates good material-eystem reproducibility. 

Tensile-elongation values were again reduced by coating application. Two of three 
specimens expoaed to the subcritical, dynamic environment for  three cycles failed a t  
the defect, with reduced elongation, and by the "pop-in" followed by shear  mode notsd 
for  Cb752. The third specimen failed away f rom the defect s i te  with normal  elongation. 

- 
*Allen, 8. C.. brclta. E. S.. rsrd Wllcox, 8. A., "Elevated Tunpetamn Ductility Mfnlmr and creep lmg of 
cnucd ~IKI m t e d  Colu.nMum AIlop", AFML-TR-66-89, Pslt U (Febnury, iM7) {Appeadfx A). 
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TABLE 22. SUMMARY O F  ROOM-TEMPERATUR.E TENSILE 
PROPERTIES FOR FSB5-BASE SYSTEM 

Yield Strength 
Mean - 66.0 ksi 
Std. Dev. ( s )  - 1. 7 ksi 

Ultimate Strength 
Mean - 87.2 ksi 
Std. Dev. ( s )  - 2.0 ksi 

No bignificant trends in strength with c3a:ing o r  exposure. 

Elongation and Frac ture  .4nalysis 

Elongat i~n ,  F rac tu re  
Ccindition (All 30-Mil Substrate! -- 70 ~ ~ c a t i o n ( ~ )  

Bare, As-Received Sheet (Std. Spec. ) 30,30 
As-Coated With R512E (Std. Sr.-'c. ) 

Machined, Then Coated 24,25  
Coated, Then Machined 25,25 

Defected, Exposed to Three Subcritical 
Plasma Cycles 

Std. Spec. 12,24 
Wide Spec. (Single) 12 

- - 
(a) In defected specimens, A = away from defect, D = at defect. 

Microscopic Observations and Mearuremente. Point-micrometer t raver  ses  of 
width and thickness ,cross the defect a r ea  were made on specimens that failed a t  loca- 
tions away from the defect. The purpose was to determine whether defect contamina- 
tion re r t r ic ted  plastic flow at and near  the defect site. The resul ts  of this survey for  
dynamically cycled specimens a r e  tabulated below, with reductions in a r e  ' ~ s e d  on 
estimated residual substrate dimensions assuming no plastic flow in the co trng: 

Estimated Reduc- 
Ertimated Reduc- tion in L r e a  About ~ a t i o  of Defect 

1 No. cf tion in Area at 1 /8  in on 30th R. A. to "Near- 
Syrtem Cycles Defect, % Sides of Defect, '3'0 Defect" R. A. 

I R512E/ Cb752 1 12.4, 14.8 18.4, 18.4 0.7, 0.8 

Dido 3 9.5 24.0 0.4 



It is  thus apparent that defect contamillation r e ~ u l t i n g  f rom dynamic exposures of one to 
three cycles does have a notable effect in restricting deformation in cases  where actual 
failure at the defect does nut occur.  As might be expected, with increased exposure 
(one versus three cycles for  Cb752) the degree of restriction increases.  This analysis 
also suggests :hat :he contami:latlon tde rance  regarding effects on mechanical proper-  
t ies may be grea te r  for  FS85 than for  Cb752. This tentative conclusion was also 
predictable. 

Similar analysis for statically cycled specimens of R51LE/ Cb752 was l e s s  rig- 
orous. In three cases  (~nvolving both a one-cycle-exposed specimen and a three-cycle- 
exposed specimen), micrometer  t raverses  showed no evidence of heterogeneous defor- 
mation associated with defect contamination. F o r  two specimens ( a  three-cycle speci- 
men and a five-cycle specimen), coating spa11 precluded meaningful analysis. For  the 
remaining five-cycle- exposed specimen, the following resul ts  we re  obtained: 

Defect Reduction in Area, % 17.4 

Surroundlng-Area Reduction in Area, 70 28.5 

Ratio 

This restr iz t ive effect of contamination from five of Battelle's static cycles i s  s imilar  
Co that noted f rom only one dynamic cycle. In summary, this brief analysis reinforces 
the tensile-failure-mode indication that static cyc1ir.g is l e s s  deleterious than dynamic 
cycling, at least  in the expcisure modes a s  conducted in this study. 

Microscopic examination of defects where fai lure  cccur rea  away f rom defect s i tes  
shewed, in general, that defects exposed under dynamic conditions retained a round 
geometry and exhibited the expected wi~i tc  substrate oxide at their bases. Those ex- 
posed to one o r  three etatic cycles were elongated, again showing little restriction to 
piastic flow attributable to the z; asociated contamination. Defects in specimens exposed 
to five static cycles were round (restr ic ted deformation in the defect locale), and one of 
these two specimens exhibited a crescent-shaped hole, rocghly 10 mils  f rom tip-to-tip 
and 6 mil?  f a n p ,  \*?here partial  substrate fracture had occurred. 

Frac;ographic examination was conducted on f rac ture  surfaces of fipecimens that 
failed at defect sites. In every case  fracture topography was distinctive and unique to 
to the specific substrate mater ial ,  

Figure 39 exhibits scanning electron micrograph" showing the defect-associated 
fracture rurface of two R5!iiC/Cb752 specrmens. Cb752 defect-contamination fract. lres 
a r e  characte-ized by 

(1) A distinct inner ~01;s surrounding the d d e c t  where the most  severely 
contaminated metal failed by tranegranular cleavage. At higher mag- 
nifications, characterietic r iver  markings were  readily apparent. 

(2)  Surrounding the cleab.age zone i s  a coplanar region it1 which the grain 
s t ructure of the base metal  i r  apparent. At higher magnification, 
thir region had a dimpled appearance that ie  characteristic ..f ductile 
f racture,  delrpite the fact that the fracture plane in this region, a8 
well a s  in the cleavage region, war normal to the applied tensile r t r e ~ s .  



Cleavage zone 

- Coplanar dimpled 
zone 

a .  Specimer. l3Z - 3 Dynamic 1 , y c l e ~  

Clcavage zone 

Coplacar dimpled 
zone 

Shear ramp 

b. Specimen 14A - 5 Dynamic Cycles 

FIGUIlE 39. SCANNING ELECTRON FRACTOGRFPHS O F  R512Elcb752 
\'ENSILE SPECIME:JS FAILED AT DEFECT- 
C:''NTAMINA TION SITES 



(3)  Outsiae the coplanar, iuctile-fracture area,  a shear-transition slope 
blending with the surrounding uncontaminated shear-failure a rea  was 
observed. 

Figure 40 shows the fracture pattern typical of defect-contamination-induced 
failure in C129Y. One fractograph i s  of the defect that exhibited substantial growth 
during dynamic -ycling. Note that the cleavage zone in this case i s  about twice the 
thickness of that associated with the "stable", subcritical defect (magnification ratio 
of the fractographs is  2:l). This supports the prior  observations that contamination 
coefficients associated with the small, stable, 4-mil defects a r e  substantially less than 
those for larger ,  o r  in this case, grown defects. Defect-contamination fracture in 
Cl29Y i s  markedly different from that exhibited by Cb752 in that no indication of the 
coplanar, dimpled zone could be found. The shear-slope transition occurred directly 
upon '- .mination of the cleavage fracture zone. 

Defect-contamination fractures in FS85 appeared a s  intermediate between the dis- 
tinct presence and total absence of the coplanar, dimpled zone in -752 and C129Y, 
respectively. Figure 41 suggests grea ter  similarity to the fracture behavior of Cb752 
than to that of C12. 'I. While FS85 did display the *@grainy1' dimpled zone characteristic 
of Cb752, this was not coplanar with the cleavage zone, but provided the sloped transi- 
tion between the cleavage and surrounding normal-shear-failure region. The boundary 
defining the cleavage zone was not so regular and distinct in FS85 a s  it was in either 
-752 o r  C129Y. 

Estimates were made of radii of the different fracture zones. Results a r e  surn- 
marized in Table 23. The fracture-zone definition most likely represents that region 

i 

' i TABLE 23. CONTAMINATION ZONE THICKNESS m DY NAMIC-EXPOSED, 
DEFECTED COATED COLUMBIUM ESTIMATED FROM 
FRACTOCRAPHIC EXAMINATION 

Estimated 4verage Thickness, mils, of 
No. of Total Defect- 

Exposure Cleavage Dimpled Affected 
Sys tern Cycles Zone Zone Fracture 

of the total contamination tone that h u  been sufficiently contaminated to increase the 
ductile-to-brittle transition temperature under slow-strain conditions to the vicinity of 
room temperature or above. This will be some fraction of the total contamination z0r.e. 
It doe., however, represent 8 fairly important characterization of property degradation. 
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Shear ramp 

Cleavoge zone 

Shear ramp 

b. Specimen 13F - 3 Dynamic Cycles  

FIGURE 40. SCANNING ELECTRON FRACTOGRAPHS O F  VH109/C 129Y 
TENSILE SPECIMENS FAILED AT -)EFECT- 
CONTAMIUATION SITES 
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FIGURE 41. SCANNING ELECTRON FRACTOGRAPH O F  R512E/FS 85 
TENSILE SPECIMENS FAILED AT DEFECT - 
CONTAMINATIO? I SITES 
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Within this constraint, relative comparisons of exposure effects a r e  valid. Points of 
interest a r e  enumerated below: 

(1 )  The additional degradation of Cb752 exposed to five cycles compared 
with three cycles i s  only about one-half what would be predicted by 
assuming parabolic degradation kinetics f rom the onset of contamination. 

(2) Coupling the observations of Table 23 with analysis of tensile elongation 
for  Cb752 and C129Y, it is  apparent that both the cleavage and dimpled 
fracture zones contribute to mechanical-property degradation. Thus, 
despite a somewhat l a rge r  cleavage f rac ture  zone, the tensile elonga- 
tion of C129Y was l e s s  affected by exposure than was that f o r  Cb752. 

(3) In s imilar  vein, F S 5 ,  with appreciably l a rge r  cleavage - and dimpled 
zones than Cb752, exhibited not much m o r e  degradation in elongation 
in three cycles than did Cb752. Thus, the coplanar disposition of the 
dimpled zcne for  Cb752 appears to be the m o r e  degrading to elonga- 
tion. Stated another way, considering the total defect-affected f rac ture  
area,  FS85 i s  m o r e  tolerant of contamination than i s  Cb752. This 
tends to counteract the somewhat superior contamination resistance 
of Cb752 relative to FS85. 

Metallography. The tensile- specimen gage sections were  longitudinally sectioned 
and prepared for  metallographic examination. Attempts were  made to grind and polish 
to the centers  of defect areas .  In 15 of the 20 specimens, the sections examined were 
reasonably on target. 

Figures  42, 43, and 44 il lustrate contamination zones surrounding defects follow- 
ing exposure and tensile testing of selected materials.  Typically, a zone of heavy pre-  
cipitate outlined the region of severe  contamination. In the case  of the Cbi52 substrate,  
no further mild contamination region was observed. Fo r  C129Y, mild contamination 
was suggested by more  heavily etched grain boundaries in a region surrounding the 
severe-contamination zone than were observed in the normal  C129Y structure.  In the 
case  of FS85, mild contamination was suggested by decreased etching sensitivity of 
grain boundaries. In al l  cases ,  the etchant was HNO3:HF: acetic acid in a 1: 1: 1 volume 
ratio of reagent-grade acids; typical etching t ime was about 1 second (dip and rinse). 
These observations were  in excellent agreement with those from Runs 8, 9, and 11. 

Detailed results of metallographic analyses a r e  given in the appendix, Table A-23. 
Results a r e  summarized in Table 24. These resul ts  show several  features,  a s  follows: 

(1) C129Y i s  m o r e  contamination resis tant  than Cb752, which in turn i s  
more  contamination resis tant  than FS85. 

(2) Observations on these iensile specimens generally confirmed those 
for  other dynamically expored, small-defect a reas .  

(3)  Contamination at small defect s i tes  apparently does not progress  by 
a simple parabolic relationship. (Checks showed no evidence of in- 
complete defect penetration pr ior  to exposure - in only one case  was 
there an appreciable amount of rubrilicide oxidation product identifiable. ) 
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FIGURE 42. TENSILE SPECIhlFN 16B 

R512E/Cb752 tes ted a f t e r  th ree  dynamic exposure  
cycles.  Failed away f r o m  defect. Note defect 
grew in s i z e  to  about 8 mi l s  in d iamete r ,  allowing 
somewhat g r e a t e r  contamination than n o r m a l  fo r  a 
"stable" defect. Note a l s o  "bulge" in th ickness  * 
caused by contamination hardening. 
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FIGURE 43. TENSILE SPECIMEN S 16 

R512ElCb752 tested a f t e r  th ree  s ta t ic  cycles.  
Note s m a l l  contamination zone and lack of effect 

T 
on homcigeneous deformation, 

O A T T E L L E  - C O L U M I U 5  I ? 
k 1 
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FIGURE 44. TENSILE SPECIMEN 16C 

VHIOIlC129Y tested a f te r  three dynamic exposure 
cycles. Failed a t  defect. Note (1)  lack of defor- 
mation in contamination zone, (2 )  cleavage limited 
to "severe" contamination region, (3) good residual 
ductility in metal  surrounding contamination zone, 
and (4) "mild" contamination zone (heavy -etching 
grain boundary region surrounding "heavy 
precipitate" area). 

E A T T L L L C  - C O L U M l U I  



(4) Contamination resulting f rom Battelle's static cycling exposure is 
much l e s s  severe  than that experienced a s  a resul t  of dynamic 
cycling. 

(5) Where tensile f rac ture  occurred at defects, the total cleavage plus 
coplanar, dimpled region for  Cb752 corresponded quite well to the 
depth of contamination indicated metallographically, but was some- 
what l e s s  than that suggested by microhardness t raverse.  F o r  C129Y, 
cleavage occurred within severely contaminated metal. F o r  FS85, the 
extent of cleavage was somewhat l e s s  than that of severe contamination, 
but the mixed dimpled a r e a  extended beyond even the slightly contami- 
nated zone. 

TABLE 24. SUMMARY OF METAUOGRAPHY FOR DEFECTED -AND-EXPOSED TENSILE SPECIMENS 

Avenge Corr tam~dor ,  ~ e p d a ) .  Radure-Feature Depth. - 
mils by: mils 

Visual Miaohrdntsr Trrrerse Dimpled 
Synem Exponue Severe Toul  >300 KHN >250 KHN Q e a v a s  Coplanar Total 

R512E/Cb752 1 - dynamic 9.3 9.3 9.5 -- (Away) 
R512E/Cb752 3-dynamic 10.8 10.8 7 1 13.4 3.3 6 9 10.2 
R512E/Cb752 5 - dynamic 11.4 11.4 11.8 -- 3.8 7.2 11.0 
R512E/Cb752 3 - sfat& 2.5 2.5 - - -- (Away) 
R512E/Cb752 5 - sfat& 6.4 6.4 - - - - -- - - 7.5(") 

VHl09/Cl29Y 3 - dynamic 4.7 7.8 6.3 6.7 5.1 - - 5.1 

R512E/FS85 3 - dynamic 13.6 15.1 -- -- 9.6 11.2(~) 20.8(C) 

(a) Exciudcs &ta for "growing" defects from Run 16. 
(b) Partial ftaaurc a t  defect noted f a  one specimen. 
(c) ~ i m p l c d  ame is not coplanar with cleavage mae. 

Not incAdded in Table 24 a r e  data i r o m  two specimens f rom Run 16 (16B-R512El 
Cb752, and 16F-VH1091C129Y) where modest defect growth resulted from cycling. 
Apparently the somewhat enlarged defects resulted in contamination r a t e s  g rea t e r  than 
those characteristic of small ,  stable defects. In these cases ,  progressing f rom one to 
three cycler caured contamination behaviol i n  line with what would be expected from 
parabolic kinetic8 bared on ea r l i e r  data. 



INTERIM CONCLUSIONS 

Results obtained to date under Contract NAS 8-26205, as presented in this report, 
allow statement of several tentative conclusions. Several of these a r e  of obvious con- 
siderable importance to applications of metallic TPS materials to the space shuttle. 
Major conclusions, some of which must still be regarded as tentative pending confirma- 
tion being sought in continuing studies, a r e  as  follow: 

(1) The cobalt alloys, L605 and HS188, showed no property degradation 
in 12 low-pressure cycles to maximum temperature of 1900 F in either 
static o r  dynamic exposure modes. It i s  tempting to conclude that the 
dynamic, low-pres sure  shuttle reentry environment will not seriously 
degrade the oxidation protection mechanism inherent in these alloys. 
However, the relatively short t ime of total exposure, coupled with the 
findings of others relative to stress-cycle performance of nickel-base 
alloys, demands caution in reaching too sweeping a conclusion. 

(2) The critical temperature of about 2490 F indicated for coated, defected 
columbium alloys under dynamic, hypersonic - shear conditions i s  not 
reproduced in static environments, a t  least in the tes ts  conducted at 
Battelle. This i m ~ l i e s  a definite overshoot limit relative to coated- 
columbium utilization in space shuttle TPS (2400 F is  generally con- 
sidered the maximum "columbium area" temperature) that has not been 
apparent from prior  static testing. 

(3) Coated-columbium-substrate contamination kinetics vary according to 
defect type and size, and to  substrate composition. Small defects, 
such a s  typify randcrm coating failures, permit contaminatior. a t  
appreciably lower rates than do large, mechanical-damage-type defects. 
Further, small defect contamination kinetics appear to be governed by 
physical laws resulting in higher order  reactions than parabolic. Large 
defects appear to be associated with parabolic kinetics, a s  would be 
expected. 

(4) Contamination introduced by the presence of coating defects i s  not 
immediately degrading to  room-temperature tensile ductility, but a s  
the contamination-zone dimension increases to roughly one-half the sheet 
thickness o r  more, contamination serves a s  a source for brittle cleav- 
age cracks a t  low temperature. The surrounding uncontaminated metal, 
however, tends to a r res t  brittle-fracture propagation, at least with the 
low-rate of load application in the tension test. 

(5) At subcritical temperatures in dynamic exposures, substrate -surface - 
recession rater  a r e  substantially l e s s  than 0.1 mil/min. 

(6) The difference between contamination, and, hence, degradation kinetics 
in static- versur  dynamic-exposure modes (in exposures conducted at 
Battelle) may be attributed to  either chemical or phyrical differences in 
the environmentr. It i s  most  important that the reasons for this dif- 
ference be identified. If phyrical, extreme caution will be required in 
tranrlating rtatic-tert-evaluation resultr t o  predicted space-shuttle 
performance for coated columbium. 



(7)  Intrinsic crack oxidation (unintentional defects) observed in several 
specimens appear to be reasonably well tolerated, at least regarding 
the effects of a few exposures on room-temperature tensile properties. 

(8) Emittarce of coated columbium alloys is reasonably high, and appears 
stable through at least five simulated, dynamic reentry exposures. 

( 9 )  For limited exposure cycling, some second-order differences among 
the different coated columbium syetcms are apparent. Additional 
data will be required to adequately establish trade-offs to select 
preferred systems. 



101 and 102 

FUTURE WORK 

t Continuation of this program has been autllorized for an additional 12-month 
period. In addition to resolution of numerous important queetions posed by the data 1 thus f a r  obtained, the data base will be expanded to include the following: 

(1) Dynamic exposures for up to five cycles on undefected and defected 
R512ElGb752, VH109/ C129Y, and R512E/ FS85 in unwelded and welded 
conditions to eetablish subcritical defect-contamination degradation-. 
kinetic comparisons for room- and elevated-temperature tensile tests 
and creep tests, and additionally to confirm and further evaluate the 
significance of supercritical exposure on multicycle defect growth I 
and mechanical properties of one selected system. 

(2) Static-exposure series similar in scope to Item (1) above. 

(3) Pending resolution of contamination-kinetics differences between 
static- and dynamic-exposure modes, evaluation in progressive 
testing of the following factors: 

Variable No. of Svstems 

Cross-section effects to five cycles 

Inter-exposure vibration 
f a Coating -repair effectivenes s after 

various prior exposures 

Various exposure /defect sequences 

2 (selected) 

Ditto 

I t  

Extended cycling degradation (to 30 cycles) 1 (selected) 
of mechanical propertiee 

Extended cycling defect and repair sequences 

Effecte of streseed exposure on undefected 
and defected specimen property degradation 

Ditto 
I 1  

Data upon which this report is based a r e  contained in Laboratory Record Books 

u Nos. 28201, 28297, 28551, 28712, 28774, 28871, and 29043. 
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APPENDIX A 

DETAILED TEST DATA FOR INDIVIDUAL SPECIMENS 

TABLE A- 1. STATIC CYCLE TIME HISTORIES FOR RUN CO- I 

Time, minutes 
Cycle To Rise At = m u  To Decay 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Totals 

TABLE A-2. STATIC CYCLE TIME HISTORIES FOR RUN LC)-:! 

Time, minutes 
Cycle To Rise At Tm, To Decay 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Totals 



TABLE A-3. STATIC CYCLE TIME HISTORES FOR RUN CO-3 

Tirne, minutes 
Cycle To Rise At =,a To Decay 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

Totals 

TABLE A-4. STATIC CYCLE TIME HISTORIES FOR RUN CO-4 

Time, minutes 
Cycle To Rise At Tma To Decay 



TABLE A-5. MAXISGUM CENTER TEMPERATURE FOR CROUP OF 
COBALT-ALLOY SPECIMEXS DCRISC STATIC CYCLISG 

Xo. of Tcmpe*ature. F 
Sprci - Cycle 

Run mcns 1 2 3 4 5  6 i 8 9 10 1 1  12 

f ABLE A-6. STATIC CYCLE TLUE HISTORIES OF C.ATED 
COLUMBI\IY ALLOY SPECIUEXS 

Time. mlnutes - 
Rise to  Hold at Rise to HolE at To 

Run Cycle I450 F 1450 F f max Tma, Decay Total 
- 

Cb-1 I 1 .7  5. 3 2 . 0  1 4 . 3  8 .  3 32 I 

T A M E  A-7. AVERAGE CENTER TEMPERATURE FOR W U P S  OF SPECUEB 
DIRMC STATK: EXPOSUE CTCUNG 

- dD' wc) LD* jllsb b w  Hi$ Low High Low Hi@ Low Hi@ 



TABLE A-8. DYNAMIC CYCLE TIME HISTORIES FOR 
RUN 3 COBALT ALLOYS 

Time. minutes 
Cycle T o  R i s e  At T- To Decay 

1 
2 
3 
4 
5 .  
6 
7 
8 
9 

10 
11 
12 

Totals 

TABLE A-9. DYNAMIC CYCLE TIME HISTORIES FOR 
RUN 4 COBALT ALLOYS 

Time,  minutes 
Cycle To  R i s e  At T,,, To Decay 



TABLE A- 10 DYNAMIC CYCLE TIME HISTORIES FOR 
RUN 5 COBALT ALLOYS 

Time, micutes 
Cycle To  Rise Tmac To Decay 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 

Totals 

TABLE A-1 I .  MAXIMUM CENTER TEMPERATURE OF 
SPECIMENS DURING RUN 3 

Temperature, F 
Cvcle 

Specimen 1 2 3 4 5 6 7 8 9 10 11 12 
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TABLE A- 14. TEMPERATURE GRADIENTS OVER CENTER REGION 

1 OF SPECIMENS DURING RUN 3 

Gradient, F/inch 
Cycle A B C D E m 

2% - 

9 9 4 1 15 2 8 31. 5 2 7 
12 9.5 - 3 7 - 2 1 - 3 5 - 2 3 - 2 3 - 

Average 9 4 0 14 3 1 19 23 

TABLE A-15. TEMPERATURE GRADIENTS OVER CENTER REGION 
OF SPECIMENS DURING RUN 4 

Gradient, F/ inch 
A B C D E F 

9 44. 5 42 3 5 54 2 6 2 5 
12 60. 5 3 9 26. 5 - 42 - 53.5 

7 - 28 - 
: : Average 5 7 44 47 54 - 28 28 

TABLE A- 16. TEMPERATURE GRADIENTS OVER CENTER REGION 
OF SPECIMENS DURING RUN 5 

Gradient, F l i nch  
Cyc ' - A B C D E F 

3 13 32.5 26 19 6 1 58 
6 19 54 17 24 62 69 
9 25 4 5 6 16 6 1 73 

12 2 1 50 - 9 - 17 - 67 - 56 
z - 

Average 45 15 19 63 64 



TABLE A-17. DYNAMIC CYCLE TIME HLSTORIES FOR COATED 
COLUMBIUM ALLOYS 

Time, minutes 
Rise  to Hold at  Rise  to Hold a t  T o  

Run Cycle  1450 F 1450 F Tmax Tmax Decay Total 

16 1 0 . 2  5 . 8  1 .9  1 5 . 3  5 . 9  29. 1 
2 0 . 4  5 . 3  1 . 6  i5.0 5 . 6  27 .9  
3 0.0 5 . 2  2 . 2  1 5 . 2  5 . 6  28. 2 

(a) Wn termhared pnmanvely owing to momentary power flucatatton a* power aarron. 



TABLE A -18. AVERAGE CENTER TEMPERATURES FOR INDIVIDUAL COATED COLUMBIUM SPECIMENS 
DURING DYNAMIC EXPOSURE CYCLING 

- - - - - - - - - - - - -- 

Averam Tunprr tun .  F, for Specimens Indicated 
A B C D E F Average 

 LOW(^) ~ i g d b )  Low High Low High LOW Higb Low High Low High Low Higb Run Cvcle 

13 1 
2 
3 

Avg. 

14 1 
2 
3 
4 
5 

A vg. 

15 1 
2 
3 

A vg. 

16 1 
2 
3 

Avg. 

- 

(a)  Low dafgp.W nomirul1460 F platuu. 
(b) Higb dcslgnrta T,, plrtuu.  



TABLE A-19. TENSILE PROPERTIES O F  UNWELDED COBALT ALLOYS 

Test Ultimate 0. 2% Offset 
Exposure Temperature, Strength, Yield Strength, Elongation in  

Specimen Environment F ksi k s i  0. 5 Inch, Olo 

L605 Allov 

Baseline 
11 

LPE 
I 1  

I I 

I I 

ARC 
1 1 

HS188 Alloy 

Baseline 
11 

11 

1 1 

LPE 
I I 

ARC 
1 I 

I 1  

11 



TABLE A-20. TENSILE PROPERTIES OF WELDED COBALT ALLOYS 

I 0.2% Offset 

f 
Test  Ultimate Yield Elongation 

Exposure Temp, Strength, Strength, in 
\. 

Failure 
Specimen Environment F ks  i ks i  0 .  5 Inch, % ~ o c a t i o r l ( ~ )  

ii 
t L605 Alloy 

7 Baseline RT 132 68 .3  3 6 W 
8 I 1  RT 133 6 9 . 4  36 W 
3 11 1900 (b) (b) 10 W 
4 II 1900 2 1 . 4  20 .3  10 W 

LPE 
I t  

ARC 
1 t  

HS188 Alloy 

Baseline 
1 I 

I 1  

LPE 
I 1  

ARC 
11 

(8) W d a l ~ ~ ~ t c ,  weld, whlle PM dalgnrtu metal. 
(b) ~ o r d  r k  not okrfntd owiag to RP ~~. 
(c) Teaed at m l n  rate of 0.2 fa. /Lo. /mi& 



TABLE A-2 1. 1900 F CREEP DEFORMATION BEHAVIOR O F  
COBALT-ALLOY SPECIMENS 

Exposure 
Environ- 

Time, hours,  Test  Discon- Minimum 
for Indicated tinued at Creep 

Stress .  C r e e ~  Strain Strain. Time. Rate. 
I 

Specimen ment Welded? ks i  0.5% 1.0% 70 hours %/hour 

Baseline 
Baseline 
Baseline 
Baselinc 
Arc 
Arc 
LPE 
LPE 
Baseline 
Baseline 
Arc 
Arc 
LPE 
LPE 

Baseline 
Baseline 
Arc 
Arc 
LPE 
LPE 
Baseline 
Baseline 
Arc 
Arc 
LPE 
LPE 

No 
No 
No 
No 
No 
No 
No 
No 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

No 
No 
No 
No 
No 
No 
Yes 
Yes 
Yea 
Y ee 
Yes 
Y ee 

L605 Alloy 

HS188 Alloy 
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APPENDIX B 

ADDITIONAL DETAILS AND DATA FROM TESTS UNDER 
DYNAMIC -ENVIRONMENTAL-EXPOSURE CONDITIONS 

Environmental Conditions 

The environmental conditions for the cobalt-alloy and columbium-alloy nominal- 
temperature exposures a r e  summarized in Table B - 1. 

TABLE B-1.  EXVWSMDlTAL COXDITIOSS FOR COBALT- ASD 
COLL'XiBZILl-ALLOY MPOSCRES 

Free- Heater A \wage Surface Stiear 
Surface Scream Reservoir Gas Total Surface Stress. psf 

Temperature. Mach Pressure. Enthalpy . Piessure. Front Rear 
Specimen Type F S u m k r  arm ~ r u / l b  ton  Specimens Specimens 

Cobalt alloy 1900 4.5 1.16 440 li.7 1.2 1.6 

Coated wlumbium 1400 4.5 0.85 2250 (a) 1.4 1.9 
aiioy 

Coated columbium 2350 4.5 1.14 4700 (b) 1.7 2.2 
alloy 

Coated columbium 2500 4.5 1.34 6300 16 1.8 2.4 
alloy 

-- 
(a) Surface pressure P.H measured, estimated value is 10 tom. 
(b) Surface pressure not measured; estimated value is 13.5 tom. 

The free-stream Mach number was calculated for the 5-inch-exit-diameter 
nozzle nsing a chemically reacting noz~le-flow program based on the analytic technique 
developed by Lordi, et al. (B-l', for nonequilibrium expansions of reacting gas mix- 
tcres. Also, a laminar-boundary-layer program based on the Cohen and ~ e s h o t k o ( ~ ' ~ )  
solution with heat transfer and arbitrary pressure gradient was used. 

The heater reservoir pressure was measured experimentally and the gas total 
enthalpy was determined using the energy-balance technique. Surface pressures and 
heat-transfer rates were measured experimentally using water-cooled copper blocks 
which fit into the spaces occupied by the specimens and molybdenum blocks that were 
used during the material exposures. Both front and rear  calorimeter blocks had three 
pressure taps and two heat- f lu  calorimeters to determine the axial pressure a d  heat- 
transfer-rate distributions. Heat-flux measurements were obtained for the 2500 F 
columbium-alloy condition; pressure measurements were obtained for the 1900 F 
cobalt-alloy and 2500 F columbium-alloy conditions. The pressure taps in each block 
were located approximately 0.29, 1.5, and 2. 71 inches from the block leading edge. 
The heat-flux calorimeters were located approximately 0.90 and 2. 10 inches from the 
leading edge of front and rear  blocks. 



F o r  the cobalt -alloy condition and specimen orientation, the average pressures  
03 the front and r e a r  calor imeter  blocks were within 1 t o r r  of each other, with varia-  
tions of approximately * l .  5 t o r r  on the front block and *2. 0 t o r r  on the r ea r .  Fo r  the 
2500 F columbium-alloy condition and specimen configuration, the average pressures  
or. the front and r e a r  blocks were within 0. 1 t o r r  of each other,  with variations of 
apprcximately f2. 5 t o r r  and *2. 7 t o r r  on the front and r e a r  blocks, respectively. 

The surface shear  s t r e s se s  for  the front and r e a r  specimens were calculated 
using the technique described by Harney and ~ e t r i e ( ~ ' ~ ) .  In this procedure, which i s  
consistent with the hypersonic-small-disturbance theory, the flow-field equations a r e  
fornulated in a manner that brings cut their  explicit dependence on gas thermodynamic 
and t r m - p o r t  properties with minimal dependence on Mach number. The skin-friction 
coefficient i s  expressed in t e r m s  cf surface and free-stream flow properties.  Numer- 
ical values for these properties were obtained from the solution of the nonequilibrium 
nozzle flow expansion. 

A comparison of the measured and calculated heat-transfer ra tes  for the 2500 F 
columbium-alloy condition i s  shown in Table B-2. Also shown in Table B-2 a r e  mea-  
sured heat fluxes corrected to the specimen wall temperature of 2500 F. These values 
can be compared with a value of 31 ~ t u / f t ~ - s e c  which was calculated on the basis of 
~e rad ia t ion  equilibrium a t  a temperature of 2500 1' and an emittance of 0.85. The r e -  
lationships used to calculate the hot-wall heat--transfer ra tes  were obtained from 
References (B-3) and (B-4). It c a , ~  be seen that the calculsted heat-transfer ra tes  a r e  
in excellcni agreement with the measured values. 

TABLE B-2. COMPARISON OF MEASURED AND CALCULATED HEAT- 
TRANSFER RATES FOR 2500 F COLUMBIUM- 
ALLOY CONDITION 

Measured 
Cold Wall 

Calorimeter Location, Calculated Cold Wall Measured Heat Flux, 
Distance f rom Hra t  Flux, Cold Wall Corrected to 

Specimen Leading Edge, 3tu/ft2-sec Heat Flux, 2500 F, 
in. Ref. (B-3) Ref. (B-4) ~ t u / f t ~ - s e c  ~ t u / f t ~ - s e c  

Front  Specimen 

0.896 54.5 56.4 53.3 38. 0 
2. 104 45. 0 46. 0 45.3 33.0 

Rea r  Specimen 

0.896 46. 7 57. 1 45.2 33.0 
2. 104 37.6 46.4 39.2 28. 0 



Typical Results 

In this part of Appendix B, experimental results a :o presented which illus.trate 
the usefulness and accuracy of the techniques used to det- rmine specimen surface 
temperatures. Typical results a r e  given for the coated c~lumbium-alloy s1 s k m s  
since most of the data were obtained for these specimens. Three columLiuin- ? f ' ~ y  
coating/substrate systems were considered within the program: R 5  12E/Ch752, 
R512E/FS85, and VH109/C129Y. In most a r c  runs, specimens of all  th'ee of th.:se 
systems were exposed simultaneously. Thus, i t  was necessary to account fc r di tfer-  
ences in surface emittances of the systems in correlating the optical-pyro.met.-r data 
with those obtained from the thermocouples and in using infrared photography co obtain 
tem2erature profiles of the specimens. 

Infrared Pvrometrv and Thermocou~le  Data 

A representative trace obtained from the scanning infrared pyrometer is  shown 
in Figure B- i  a s  a function of location on the specimens. The irregular-shaped curve 
labeled "pyrometer signal" is  the pyrometer output voltage obtained by remoteiy scan- 
ning across three specimens in a direction normal to the gas flow direction. This 
particular scan was obtained at a location corresponding to the center defects in the 
specimens in the front row. For  known surface emittances, the specimen tempera- 
tures can be determined directly from the calibration of the pyrometer. 

The other curve shown in Figure B-1 represents the voltage output of a position- 
ing poteniometer which i s  used to determine the exact scan location on tt.e sracimens 
as  a function of time. From the pyrometer output curve, the edges of each of the 
specimens can be identified. These edge indications a r e  useful in checking the accuracy 
of the positioning potentiometer and in relating the time-dependent output voltage to 
location on the specimens. The lack of an instantaneous r ise and falloff in pyrometer 
outpct at the extreme specimen edge i s  due to the finite pyrometer object size and the 
proximity of the water-cooled copper holder to the specimens. 

Correlations of the temperatures obtained from the spring-loaded thermocouples 
with the scanning pyrometer output signals a r e  given in Figures B-2, B-3, and B-4 for 
the three P-ulumbium-alloy systems. The data points were obtained from the thermo- 
couple mtput (ordinate) and the pyrometer output voltage (abscissa) for scan positions 
on the specimens corre.sponding to the thermocouple locations. Also shown in Fig- 
ures B-2, B-3, and B-4 a r e  calibration curves relating temperature to pyrox.. ?ter  
output voltage for  different constant emissivities. Although there i s  appreciable 
scatter in the data, i t  appears that the columbium alloy sybrems exhibit different 
nominal ernittances. The ranges in elevated temperature, normal spectral emittances*, 
and the nominal values suggested by the correlations a r e  a s  follows: 

Estimated Normal 
S ~ e c t r a l  Emittance 

System Approximate Range Nominal Value 

R512E/Cb752 0.65 to 0. 75 0. 73 
R512E/FS85 0.65 tc 0.85 0. 75 
V~109/C129Y 0.85 to 0.95 0.91 

*Wavelengths from 2.0 to 2.6 microm. 



FIGURE B-1. TYPICAL PYROMETER SCAN ACROSS 
THREE SPECIlMENS DURING PLASMA- 
ARC EXPOSURE 

Pymmeter Reding, %of full a l e  

FIGURE B-2. CORRELATION O F  THERMOCOUPLE 
ATJD PYROMETER DATA FOR 
R512E/Cb752 SYSTEM 
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Pymmeter Reod~ng, %of full scale 

FIGURE B-3.  CORRELATION O F  THERMOCOUPLE 
AND PYROMETER DATA FOR 
R5 12E/FS85 SYSTEM 
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Pyromekr Rwding, %of full m l e  

FIGURE B-4, CORRELATION O F  THERMOCOUPLE 
AND P Y  ROMETER DATA FOR 
VH109/C129Y SYSTEM 



No trends t o w a r d  higher o r  lower values with exposure time were observed in any of 
the runs .  ivhicl-. i n c l ~ ~ d c d  up to five simulated reentry cycles. Because of this and be- 
cause of thc l i r ~ i t e d  numbers of cycles and appreciable 6ifferences in temperature 
within and bct\v-?en runs, 110 rigorous attempt was made to de te rmi i~e  the specimen 
enlittance a s  a fcnctiun of number of cycles. 

Infrared Photography and Thermocouple Data 

In this p-ogram, infrared photographs were quite useful in determinil!? a com- 
plete tempe-ature profile of the specimens during exposure. Figure B-5 i s  an infrared 
photograph taken during oqe of the 2500 F columbium-alloy runs. Light regions repre-  
sent hotter a r eas  and dark  regions a r e  indicative of coo1f.r a reas .  F r o m  even a cur-  
sory observation of the photcgraph, i t  i s  possible to determine local hot spots and 
colder a reas  on the specimens. Of course,  for accurate temperature determinations, 
the photographs (actually positive t ransparencies)  a r e  analyzed using a densitometer.  

FIGURE B-5. INFRARED PHOTOGRAPH O F  SPECIMEN DURING 
PLASMA-ARC E X  POSURE 

A comparison of the specimen temperatures obtained from the ~ n f r a r e d  photo- 
graphs with the calibrated film response curve (from Figure 14) i s  shown in Figure B-6. 
The data points were obtained f rom the temperatures  indicated by the spring-loaded 

? 
1 

thermocorples (ordinate) and the film densitometer reading at the thermocouple loca- l 

tion (abscissa).  Thermocouple temperatures  were determined a t  the t imes when the 
infrared photographs were taken. T h e  locativn of the film calibration curve relative 
to the data points was established usi-rg a temperature from one of the spring-loaded 

I 
1 I 

B A T T E L L E  - C O L U M S U S  
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Film Density 

FIGURE B-6. COMPARISON OF CALIBRATED FILM RESPONSE 
CURVE WITH THERMOCOUPLE AND INFRARED- 
PHOTOGRAPHYDATA 
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Film calibration ( See Figure 8 ) 

@\ 
0 '  

\ 

%i* 7 

\ rn 
a 

Material System 
@ R 512 V C b  752 

VH 109/ C129 Y 
+ R512 E/FS85 

>I\& 

\ 
\ 



FIGURE B-7. SPECIMEN SURFACE TEMPERATURE 
CONTOURS OBTAINED FROM INFRARED 
'HOTOGRAPH 



thermocouples. It can be seen that there is  excellent agreement between the tem- 
peratures obtained from all the operating thermocouples and those obtained from the 
infrared photographs. From Figure B-6 the useful temperature range of the infrared 
photography can be determined for the particular exposure and developing conditions 
used in this program; this range is approximately 400 F. 

Contours of the specimen sv-rfnce temperature were generated using infrared 
positive transparencies and the temperature-density correlation of Figure B-6. A 
typical contour mapping is shown in Figure B-7 using the positive transparency from 
which the photograph of Figure B-5 was obtained. The locations of the spring-loaded 
thermocouples and the corresponding temperatures a r e  also shown in Figure B-7. It 
can be seen that there is  good agreement between the temperatures obtained from three 
of the thermocouples in addition to the one used for film calibration and temperatures 
obtained from the infrared photograph. At the time of film exposure, two thermo- 
couples were behaving erratically and could not be used with good reliance. The sur -  
face temperatures can be determined with considerable accuracy by this infrared 
photographic mapping technique. A more detailed mapping of the surface-temperature 
contours can be obtained simply by reading the film densities in finer increments. 
The surface-temperature contours of Figure B-7 are  useful in that an accurate surface- 
temperature distribution can be obtained in defect regions and in regions to be used 
for subsequent mechanical-property evaluations. 

Com~arison of Temuerature-Measuring Techniaues 

A comparison of all three methods used for determining the specimen surface 
temperatures is  shown in Figure B-8. In this figure, the specimen surface tempera- 
ture i s  slotted as  a function of distance across the specimens. Also shown a re  the 
temperatures indicated by two of the spring-loaded thermocouples. This temperature 
distribution was taken across the center of the front row of specimens (see Fig- 
ure B-7). In generating the curve representing the temperature distribution obtained 
from the pyrometer scan, it was necessary to adjust the level to account for differences 
in emissivities of the three columbium-alloy-system specimens. It can be seen that 
there is  good agreement among the results obtained with the three temperature- 
measuring techniques, with a maximum difference of approximately 40 F occurring 
between temperatures obtained from the pyrometer and photographic techniques. 
This maximum difference is representative of those obtained from similar comparisons 
of other arc-jet runs. 



Distance Across Specimens,inches 

FIGURE B-8. COMPARISON O F  PYROMETER AND INFRARED 
PHOTOGRAPHIC TEMPERATURE - 
DISTRIBUTION DATA 
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A P P E N D I X  C 

PRELIMINARY STUDY OF A FAIL-SAFE SYSTEM 

Coated columbium offers excellent potential for  providing the 100-mission life r e -  
quired for  Shuttle TPS. Available failure-rate statistics,  however, indicate that a low, 
but finite, p r ~ b a b i l i t y  fo r  premature,  random failures,  rather than "wear-out l i fef t  per  
se ,  will be life limiting. These premature random failures arc? most  ofter. attributed to 
smal l  coating c racks  that permit  oxygen to contaminate and oxidize the substrate. With 
an  appropriate maclrials-system nesign, it i s  probable that coated columbium can be 
made f a r  less  sensitive to the consequences of ear ly  coating failure with a much closer  
approach to the attractive "wear-out l ifett  capabilities a s  a result. This i s  the basic 
rationale a t  Battelle-Columbus for  "fail-safett coated columbium systems. The key to 
a fail-safe coated columbium system i s  a ba r r i e r  layer to be positioned between the 
structural-columbium alloy substrate and the pr imary protective coating. This "barr ier  
layert '  would prevent substrate degradation for  appreciable time after initial coating 
failure,  and should have the following properties : 

(1 )  Excellent metallurgical compatibility with the substrate 

( 2 )  Sufficient ductility to resls t  coating-fracture propagation 

(3) F =sistance to oxide scaling that, i s  1 to 2 o rde r s  of magnitude 
better than that ?f the substrate 

(4 )  Capability to inhibit pasqage of oxygen to the substrate 
by either 

(a )  Extremely low oxygen diffusivity in the 
ba r r i e r  layer, o r  

(b) High thermochemical affinity of the 
ba r r i e r  layer for oxygen relative to 
that of the substrate (e.  g. ,  intersti t ial  
sink quality for  the bar r ie r ) .  

(Of these, the la t ter  i s  the more  attractive for suitably 
thin ba r r i e r s  for Shuttle TPS application. ) 

Research studies conducted a t  Battelle-Columbus in 1963-64 offered encouragement to 
investigate this concept further. Accordingly, the qupplementar y task described in this 
appendix was undertaken by Battelle. 

Material  and Exposure 

The columbium alloy T166 (Cb-42Ti-4Cr-4A1) war selected am the ba r r i e r  layex, 
ar known alloy propertier were nearly llideall' i n  context with the requirementr cited 
above. Stripr of thia alloy were placed over a n  FS85 core, vacuum encapsulated in  
steel, and hot ro l l  clad, rerulting in  finirhed r t r i p  with total thicknerr of about 20 milo 
compriring 4 mils of cladding on eacP major  rurface of the FS85 core. F r o m  this strip,  
a plarma-exporure rpecimen war formed, Thir war then pack r r l ico~~ized ,  Fivally, 



Type A, B, and C defects were  introduced in the exposure surface  a s  descr ibed in the 
body of this repor t .  The Type B and C defects  terminated just within the T166 layer ,  
and did not penetrate to the FS85 core .  This speclmen was pxposed fo r  th ree  dynamic 
cycles  in Posit ion D of P l a s m a  Run 16 (Table 10 in this repor t ) .  The reduced t empera -  
ture  data  (backface thermocouple, IR pyror,.eter scan,  and I.. pho~dgraphy)  indicated 
an  average t empera tu re  of 2440 F f c r  defect Types A and C and about 2400 F for  defect 
Type B. 

Evaluation 

Following exposure,  the specimen was e x a m i n l . ~  visually and sectioned through the 
center  of each defect for metallographic observation and microhardness  Lraverse. 

h l lcroscopic  examination and measurements  of t're exposed flaw s i t e s  resul ted An 
the follo\iing observations:  

I 1)  Sone of the defects had grown perceptibly a s  a re.3ult of 
the dynamic, cyclic, s imulated reen t ry  exposu-e. 

121 Oxidation scaling of the f 166 a t  the base of the 4 -mi l  
(Type C )  defect was visibly no m o r e  severe  than that 
obserl-ed on the surrounding protective si l icide coating. 

131 A: the base of the 40-mil  (Type B) coating defect, a thin, 
biue, blis tered-appearing oxide wa, noted. This was not 
a t  a l l  c h a r a c t e r i s t , ~  o t  the volumirou - ."ufiy, white oxid*, 
that fo rms  on oxidation-prone c ... . al!oys. T166 
obviously has  a t t ract ive  resistant; io ox.nation scaling 
under  the cyclic exposure c o n d i t i o ~ s  involved. 

( 4 )  FS8S oxidation f r o m  exposed sur faces  a t  the 40-mil 
(Type A) through defect  was abor t  a s  expected. In 
the absence of '-sckup protection of the b a r r i e r  layer ,  
the white, fluffy FS85 oxide had grown illward f r o m  
the s ides  of the defect. 

( 3 )  Oxidation product over  the s i l ic ide  coating grown on 
T 166-clad aurfaces  was the thin, dense,  tan oxide 
charac te r i s t i c  of titanium-modified ChSi2. At  edges  
where CbSi2 not modified with titanium was grown by 
react ion with the FS85 subatra te ,  the cxide was thickel 
and white, a s  i s  charac te r i s l i c  of a poor ly  modified 
CbSi2 coating. 

There  observat ions  were  as expected. 

Metallographic c r o r r  section8 were  p r e p a r e d  to rhow coati%-cladding-substrate 
m i c r o s t r u c t u r a l  fea ture8 a t  and around the c e n t e r r  of the th ree  typer of coating defectr .  
F i g u r e s  C-1, C-2,  and C-3 i l lus t ra te  the m a j o r  findings, which a r e  s u m m a r i z e d  below: 



(1)  At the smallest ,  4-mil-diameter coating defect (Figure C-1), 
oxidation scaling of the T166 was indeed minor, a s  suggested 
by microscopic examination pr ior  to sectioning. P-lthough 
not metallographically apparent, the T166 layer in the vicinity 
of the flaw exhibited a DPH (Knoop hardness) of nearly 700, 
compared with a base value of about 280, indicating appreciable 
oxygen contamination hardening. A Knoop hardness ti-ave r s e  
was made in the FS85 substrate.  Khn (2-gram load) vaiues 
ranged from 260 a t  1 mil  beneath the T166 under the defect 
to a base value of 190 a t  4 mils from the ba r r i e r  layer/FS8S 
interface. The 1-mil hardness value was also representative 
of widespread 1 -mil-deep locations. Accordingly, shallow 
hardening observed is attributed to substihltional hardening 
from FS8S-T 166 interdiffusion rather than intersti t ial  
hardening by oxygen. 

(2) At the 40-mil coating defect (Figure C-2), oxide scaling had 
not consumed much of the residual T166, indicating a fail- 
safe life well in excess  of 3 cycles even in the presence of 
gross  coating defects. The T 166 was obviously severly 
contaminated. However, a hardness t raverse  in the under- 
lying FS85 gave essentially the same resul t  a s  in (1) above. 

( 3 )  At the 40-mil through defect (Figure C-3) where both T166 and 
FS85 were exposed, the expected range of oxygen contamination 
was observed. Surface hardness of FS85 a t  the oxide interface 
was Khn 650, and did no: decrease to the base value (Khn 190) 
until a depth of 22 mi ls  beneath the oxide meta l  interface was 
reached. Oxiue scaling of the FS85 was minor in comparison 
with cont3mination. 

The microhardness t raverse data a r e  plotted in F igure  C-4. Data for  s imilar ly defected 
c sting.. (RSlZE, VH109) on Cb752 and C129Y alloys, i. e. ,  where defects barely pen- 
etrated the silicide coating, but without the benefit of the intermediate layer a r e  included 
fo r  corr~parison. 

This brief but demonstrative study allows the conclusion thac severely degrading 
oxygen contamination of a structural-columbium-alloy substrate  can  be inhibited for  
substantially more  &an three reentry cycles even in the presence of quite severe  
coating defects by the inclusion i n  the mater ials  system of an interlayer of a semi- 
oxidation-resia t a t ,  reac tive-me tal-containing alloy. 



Si l ic ide  

1 OOX 6F090 

Si l ic ide  

I ''ORE C-  1 .  OXIDATION AND CONTAMINATIQN O F  T 166 LAYER EXPOSED TO 
T H R E E S I M U L A T E D R E E N T R Y C Y C L E S  BY T H E P R E S E N C E O F  
A 4-hnIL -DIAMETER D E F E C T  I N  T H E  SILICIDE COATING 

Note the  3 - l a g e r  oxide s t r u c t u r e  and  r e l a t ive ly  low l eve l  of 
TI66 contaminat ion .  FSR5 s u b s t r a t e  is comple te ly  pro tec ied .  
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FIGURE C-2. OXIDATION AND CONTAMINATION O F  TI66  LAYER 
EXPOSED TOTHREESIMULATEDREENTRY 
CYCLES B Y  THE PRESENCE O F  A 40-MIL- 
DIAMETER DEFECT i N  THE SILICIDE COATING 

Note the thin, b l i s tered TI66 oxide and visibly 
s e v e r e  contamination of the T 166. Despite 
s e v e r e  contamination, nea r ly  the full th ickness  
of T l 6 6  remains .  FSP5 subs t ra te  i s  completely 
protected.  
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FIGURE C - 3 .  OXIDATION AND CONTAMINATION AT THE 40-MIL- 
DIAMETER THROUGH FLAW AFTER THREE 
SIlMULATED REENTRY EXPOSURES 

Note voluminous, nonprotective FS85 oxide and visibly 
s e v e r e  contamination of T 166. Surface  recess ion  of 
FS85 is 3 to  5 m i l s .  Depth ?f contamination of FS85 
is to a point about midway between l a r g e r  ha rdness  
indentations - about 25 mils f r o m  original  surface .  
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C-7 and C-8  

Distance Into Substrate From Oxide or Interbyer Interface, mils 

FIGURE C-4. HARDNESS TRAVERSE PROFILES UNDER INTENTIONAL 
DEFECTS IN COATED COLUMBIUM EXPOSED TO SIM- 
ULATED REENTRY CYCLING 
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